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INTRODUCTION 

The product ion of low-cost hydrogen for use a s  a f u e l  and chemical f eeds tock  
t o  supplement f o s s i l  f u e l s  and provide a f e a s i b l e  a l t e r n a t i v e  t o  c u r r e n t  hydrogen 
production methods is  o f  continued i n t e r e s t  i n  t h e  energy f i e l d .  The demand for 
hydrogen is inc reas ing ,  with t h e  need for hydrogen predicted t o  r i s e  by a f a c t o r  
o f  15 t o  20 t imes over t h e  next  40+ yea r s  (1 ) .  

Present ly  i n d u s t r i a l  q u a n t i t i e s  o f  hydrogen a r e  produced p r imar i ly  by e i t h e r  
steam reforming o f  n a t u r a l  gas  or p a r t i a l  ox ida t ion  o f  petroleum. However, both 
o f  t h e  feedstocks for t h e s e  processes  a r e  used more e f f i c i e n t l y  and economically 
i n  t h e i r  chemically una l t e red  or phys ica l ly  r e f ined  forms. One o f  t he  most v i a b l e  
a l t e r n a t i v e s  for hydrogen product ion,  i n  terms of a v a i l a b l e  feedstock,  is i n  t h e  
use o f  advanced coa l  g a s i f i c a t i o n  processes.  I n  coa l  g a s i f i c a t i o n  p rocesses ,  
hydrogen is produced by t h e  fol lowing r eac t ions :  

The g a s i f i c a t i o n  r e a c t i o n  1 )  involves  r eac t ing  coal  char  and steam t o  produce 
carbon monoxide and hydrogen. Addit ional  hydrogen is produced v i a  t h e  wa te r /gas  
s h i f t  r e a c t i o n  2). The g a s i f i c a t i o n  s t e p ,  r e a c t i o n  l ) ,  is enhanced a t  r e a c t i o n  
temperature by the  presence o f  c a t a l y s t s ,  o f  which the  most widely s t u d i e d  a r e  
a l k a l i  s a l t s  (2). The a l k a l i  carbonates ,  bicarbonates ,  oxides ,  and hydroxides  a r e  
we l l  known a s  r a t e  enhancers ,  while  h a l i d e s  of t h e  a l k a l i s  do no t  func t ion  n e a r l y  
a s  well  a s  p o s i t i v e  c a t a l y s t s .  Low-rank coa l  o f f e r s  a p l e n t i f u l  and r e l a t i v e l y  
inexpensive s u b s t r a t e  from which to form char  t h a t  has  high r e a c t i v i t y  (h ighe r  
than those o f  higher-rank coa l s )  toward steam i n  a char-steam r e a c t i o n  1 )  t o  
produce hydrogen. 

The thermodynamics of the  water/gas s h i f t  r eac t ion  2) r e q u i r e  t h a t  t h e  
hydrogen product ion process  operate  a t  t h e  lowest temperature poss ib l e .  The l i m i t  
t o  which t h e  temperature  may be lowered i n  t h e  process  is governed by the  a c t i v i t y  
of t he  cha r  generated a t  t h a t  temperature from a p a r t i c u l a r  coal .  Laboratory- 
s c a l e  experiments have shown t h a t  t h e  700'-800°C range a t  ambient p re s su re  provide 
condi t ions for maximum production o f  hydrogen i n  t h e  gaseous product ( 3 ) .  The 
c a t a l y t i c  enhancement o f  t h e  r a t e  o f  hydrogen product ion al lows t h e  o p e r a t i n g  
temperature to be lowered, t hus  e f f e c t i n g  g r e a t e r  s h i f t  and maximizing hydrogen 
formation. 

Potassium carbonate  is probably t h e  most ex tens ive ly  s tud ied  o f  t h e  a l k a l i  
s a l t  c a t a l y s t s  and is  o f t e n  used a s  a s tandard for comparison of c a t a l y s t  e f f e c t s .  
Other potassium compounds (except  for t h e  h a l i d e s )  have been shown t o  be e x c e l l e n t  
c a t a l y s t s  f o r  t he  g a s i f i c a t i o n  of coa l  cha r s  ( 4 , 5 ) .  Sodium compounds have a l s o  
been s tud ied  ex tens ive ly  for t h e i r  e f f e c t  on the  g a s i f i c a t i o n  r eac t ion .  They t o o  
have been shown t o  be good c a t a l y s t s  and i n  some cases  were as good a s  t h e  potas-  
sium compounds (5 ) .  Trona and nahco l i t e ,  n a t u r a l l y  occuring sodium-rich mine ra l s ,  
have been shown i n  laboratory-scale  experiments t o  be a s  good as potassium 
carbonate  for ca ta lyz ing  t h e  char-steam r e a c t i o n  of some low-rank c o a l s  (5 ) .  
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From an economic s t andpo in t ,  t he  sodium compounds a r e  l e s s  expensive t h a n  
potassium compounds, and mineable sodium-rich minerals  a r e  even l e s s  expensive 
than the  pure sodium compounds. However, not  a l l  low-rank c o a l s  g ive  the  Same 
r e a c t i v i t y  or r e a l i z e  t h e  same c a t a l y t i c  r a t e  enhancement under t h e  same r e a c t i o n  
cond i t ions ;  i . e . ,  c o a l - s p e c i f i c  e f f e c t s  are o f t e n  evident .  Therefore ,  thorough 
c h a r a c t e r i z a t i o n  o f  t h e  c h a r s  generated a t  the  va r ious  temperatures  of i n t e r e s t  
and t h e i r  response t o  va r ious  c a t a l y s t s  a r e  important i n  understanding the  
mechanism o f  t h e  g a s i f i c a t i o n  r eac t ion  i n  t h e  product ion o f  hydrogen. The 
research r epor t ed  h e r e  invo lves  the  c h a r a c t e r i z a t i o n  o f  cha r s  from two low-rank 
raw c o a l s ,  Velva (North Dakota) l i g n i t e  and Martin Lake (Texas) l i g n i t e .  The 
chars  were gene ra t ed  i n  t h e  temperature range 650'-750 O C ,  a t  atmospheric p r e s s u r e  
under i n e r t  atmosphere. Chars were a l s o  prepared from Velva and Martin Lake 
l i g n i t e s  con ta in ing  added c a t a l y s t  (10 w t %  K2C03 and Trona) at t h e  same c o n d i t i o n s  
for c h a r a c t e r i z a t i o n .  

EXPBRlM3UTAL. 

The r e a c t i o n  between low-rank coal  cha r s  and steam t o  produce hydrogen was 
s tudied wi th  two d i f f e r e n t  Thermogravimetric Analysis (TCA) systems. The k i n e t i c  
study o f  weight change o f  carbon with t ime for t h e  char-steam r e a c t i o n  was c a r r i e d  
ou t  on a DuPont 951 Thermogravimetric Analyzer (TGA)  i n t e r f a c e d  with a DuPont 1090 
ThermalAnalyzer. Approximately 20 mg samples o f  -100 x +140 mesh uncatalyzed or 
catalyzed c o a l  were devolat ized under argon flowing a t  160 cc/min, and t h e  
r e s u l t i n g  char  was r eac t ed  with steam ( p ( ~ ~ 0 )  = 0.1).  Weight, t ime, and 
temperature.  d a t a  were recorded,  and each experiment was terminated when weight  
loss ceased. T o t a l  gas  (product  gas  p l u s  c a r r i e r  gas )  samples were c o l l e c t e d  o v e r  
t h e  d u r a t i o n  o f  t h e  run  and were analyzed by g a s  chromatography ( G C ) .  Se l ec t ed  
experiments were dup l i ca t ed  on a l a rge  TGA so t h a t  l a r g e r  gas samples could be 
c o l l e c t e d ,  ensu r ing  s u f f i c i e n t l y  accu ra t e  ana lys i s .  The l a r g e  TGA was b u i l t  a t  
t he  Un ive r s i ty  o f  North Dakota Energy Research Center  (UNDERC) using a Cahn 1000 
e l ec t roba lance  and a 1200°C v e r t i c a l  tube furnace for r e a c t i n g  samples > 1  g. 
React ivi ty  parameters ,  ( k ) ,  for 50% carbon conversion,  were ca l cu la t ed  a t  each o f  
three t empera tu res  (T) and Arrhenius p l o t s  of I n  k vs 1/T were constructed for 
c a l c u l a t i n g  energy o f  a c t i v a t i o n  (Ea) and frequency f a c t o r ,  (A), as p rev ious ly  
described (3) .  Residue remaining a f t e r  t he  r e a c t i o n  was analyzed by X-Ray 
Di f f r ac t ion  and X-Ray Fluorescence techniques.  

Char analyzed by spec t roscop ic  techniques was prepared a s  i n  t h e  char-s team 
reac t ion  experiments ,  bu t  w a s  cooled t o  room temperature under argon. In  s e l e c t e d  
experiments t h e  c h a r  was removed from t h e  TGA under argon and s t o r e d  under argon 
t o  prevent exposure t o  a i r .  These samples were analyzed by Electron Spectroscopy 
for Chemical Analysis  (ESCA) and s o l i d  s t a t e  13C Cross Polar izat ion/Magic Angle 
Spinning (CP/MAS) Nuclear Magnetic Resonance Spectrometry ( N M R )  . Catalyzed and 
uncatalyzed samples o f  cha r  were examined by Scanning E lec t ron  Microkcopy (SEM) , 
t o  determine s u r f a c e  elemental  composition and t o  o b t a i n  photographs o f  t h e  c h a r  
surface.  The f i e l d  was scanned and r ep resen ta t ive  p a r t i c l e s  were photographed and 
mapped t o  determine elemental  d i s t r i b u t i o n .  A l l  char  samples were analyzed for 
ac t ive  s i t e s  by g r a v i m e t r i c  measurement o f  C02 adso rp t ion  i n  a manner similar to 
t h a t  desc r ibed  by R a t c l i f f e  and Vaughn (6) .  

RESIILTS AND DISCUSSION 

There are s e v e r a l  s i g n i f i c a n t  chemical d i f f e r e n c e s  between t h e  Coals used i n  
t h i s  study. The Velva l i g n i t e  is a nort.hern Great P l a ins  l i g n i t e ,  whereas t h e  
Martin Lake l i g n i t e  is a Gulf Coast l i g n i t e  and as such r e f l e c t  s i g n i f i c a n t l y  
d i f f e r e n t  coal-forming environments. Proximate and u l t i m a t e  ana lyses  o f  t h e  two 
coals  a r e  l i s t e d  i n  Table 1. The Martin Lake sample was h ighe r  i n  moisture and 
s i g n i f i c a n t l y  lower i n  a sh  con ten t  than t h e  Velva sample. The moisture-free ( m f )  
oxygen va lue  for t h e  Mart in  Lake coal  is 18% lower than t h a t  for t h e  Velva, and 
t h e  C/H ra t io  is 1.18 for Martin Lake compared t o  1.30 for Velva. The normalized 
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product gas  compositions shown i n  Table 2 were determined by gas  chromatography 
(GC) on t h e  t o t a l  gas  sample co l l ec t ed  during t h e  hydrogen production r e a c t i o n  
ca r r i ed  out  on both t h e  DuPont TGA and the  l a r g e  l abora to ry  TGA. The normalized 
hydrogen va lues  approximated those  predicted by the  engineer ing thermodynamic 
model. The values  obtained from the samples generated on t h e  l a r g e  TGA have 
somewhat l e s s  unce r t a in ty  in a n a l y s i s  s i n c e  t h e  d i l u t i o n  e f f e c t  of t h e  c a r r i e r  gas 
was reduced. 

TABLE 1 

PROXIMATE AND ULTIMATE ANALYSES 

Proximate Analyses 

Moisture % 
Ash, w t  % m f  
V o l a t i l e  Matter ,  w t  % mf 
Fixed Carbon, w t  % m f  
Heating Value, Btu/ lb  

Ultimate Analyses,  mf 

Hydrogen 
Carbon 
Nitrogen 
Su l fu r  
Oxygen ( D i f f )  

Velva 

29.3 
13.5 
39.3 
47.2 
7185 

3.84 
59.93 
0.94 
0.53 

21.26 

Martin Lake 

34.8 
8.7 

44.0 
47.4 
7525 

4.71 
66.46 

1.18 
0.86 

18.09 

TABLE 2 

PRODUCT GAS IN MOLE % FROM VELVA LIGNITE CHAR-STEAM REACTION - LARGE TGA 

co CH4 - - - Sample. Temp. OC "2 co2 - -  
W/10 w t %  Trona 750 56.23 30.13 13.64 ND 

W/10 w t %  Trona 700 51.73 43.51 4.55 ND 

Uncatalyzed 750 57.70 35.30 6.30 0.72 

Uncatalyzed 700 56.20 40.00 2.60 0.90 

ND = Absent or below de tec t ion  l i m i t  

*Sample s i z e s  were between 1.0 and 1.4 grams of -100 +140 mesh "as received" 
coal-  c a t a l y s t .  

Data normalized t o  exclude c a r r i e r  gas and a i r .  
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The inhe ren t  mineral  ma t t e r  of t he  Velva l i g n i t e  had the  e f f e c t  of i n c r e a s i n g  
t h e  r eac t ion  r a t e  over  t h a t  of t h e  Martin Lake l i g n i t e .  Addition of e i t h e r  po ta s -  
sium or sodium compounds a l s o  increased t h e  r a t e  of t he  char-steam reac t ion  f o r  
both t h e  Martin Lake and t h e  Velva char.  Potassium carbonate  and Trona admixed 
with t h e  l i g n i t e  both gave p o s i t i v e  c a t a l y s i s  of t h e  char-steam reac t ion .  The 
a c t i v i t y  parameter ( k  i n  g /h r /g )  increased from 1.40 with no c a t a l y s t  t o  3.50 w i t h  
10 u t %  K2C03 and t o  3.23 with 10 w t %  Trona f o r  Velva l i g n i t e  a t  70OoC. The 
r e a c t i v i t y  parameter a l s o  increased from 0.74 with no c a t a l y s t  a d d i t i o n  t o  1.41 
with 10 w t %  K2C03 and 2.37 with 10 u t %  Trona for Martin Lake l i g n i t e  a t  70OoC. 

SEM photographs (Figure 1 )  show the  s u r f a c e  e f f e c t ,  upon cha r r ing ,  of add ing  
K2C03 c a t a l y s t  t o  t h e  coa l s .  The ragged, i r r e g u l a r  su r f ace  and l a c k  of appa ren t  
pores i n  t h e  uncatalyzed cha r  is i n  c o n t r a s t  t o  t h e  rounded, h igh ly  porous s u r f a c e  
on the a l k a l i  ca t a lyzed  char .  The degree t o  which t h e  su r face  changed with t h e  
add i t ion  of c a t a l y s t  d i f f e r e d  between the  Velva and t h e  Martin Lake chars .  The 
Velva char  sur 'face is remarkably porous and contained uniform, evenly spaced 
nodules of approximately 0.05 pm x 0.10 P m  i n  s i z e .  The nodules  on t h e  s u r f a c e  of 
t h e  catalyzed Martin Lake char  were n e i t h e r  uniform i n  s i z e  no r  evenly spaced o v e r  
t h e  su r face .  The r e a c t i v i t i e s  d i f f e red  s i m i l a r l y ,  with t h e  Velva having t h e  
higher  r e a c t i v i t y .  This  sugges t s  t h a t  t he  inc rease  i n  r e a c t i v i t y  of t he  c a t a l y z e d  
cha r ,  which may be due t o  mechanis t ic  change i n  t h e  chemical r eac t ion  brought  
about by the  a l k a l i  c a t a l y s t ,  must a l s o  be due, a t  least  i n  p a r t ,  t o  t he  phys ica l  
e f f e c t  of producing a l a r g e  inc rease  i n  s u r f a c e  a rea .  The r e s u l t . o f  t h i s  i n c r e a s e  
i n  surface a r e a  is a n  inc rease  i n  a v a i l a b l e  a c t i v e  s i t e s  as shown i n  Figures  2 and 
3 for Velva cha r  and Martin Lake cha r ,  r e spec t ive ly .  

SEM mapping of t h e  su r face  fo r  inorganic  element d i s t r i b u t i o n  showed t h a t  t h e  
potassium was d i s t r i b u t e d  uniformly over t h e  s u r f a c e  of t h e  Velva p a r t i c l e s .  T h i s  
was not the  case wi th  the  Martin Lake p a r t i c l e s .  The uniform d i s t r i b u t i o n  of t h e  
potassium c a t a l y s t  on t h e  su r face  of the  Velva cha r  imp l i e s  a su r face  wet t ing by a 
f lu id  c o n s i s t i n g  of, or con ta in ing ,  the c a t a l y s t .  The Trona, however, does n o t  
e x h i b i t  t h i s  mode of d i s t r i b u t i o n .  Instead t h e  element d i s t r i b u t i o n  map showed 
t h e  sodium su r face  depos i t s  as being a s soc ia t ed  with those o,f s i l i c o n  and 
aluminum. The i r r e g u l a r l y  placed su r face  nodules  of nonuniform s i z e  were l o c a t e d  
near  t h e  sodium depos i t s .  

Carbon 13 Nuclear Magnetic Resonance (13C NMR) s p e c t r a  of cha r s  prepared a t  
temperatures from 600' t o  75OoC (Figure 5)  i nd ica t ed  t h e  absence of a l i p h a t i c  
groups i n  t h e  cha r  with removal of a l i p h a t i c s  occurr ing during t h e  c h a r r i n g  
process.  Aromatic CO groups and carboxyl,  amide, and e s t e r  groups a r e  absen t  i n  
t h e  cha r s  as well .  The decrease in aromatic s i g n a l  s t r e n g t h  with temperature may 
r e s u l t  from unobserved carbon i n  CP/MAS due t o  t h e  dec rease  i n  H/C  with t h e  c h a r  
(7) .  Table 3 shows the ESCA surface carbon/oxygen r a t i o  on t he  Velva c h a r s  
prepared a t  va r ious  temperatures.  Char prepared a t  75OoC and exposed t o  a i r  had a 
s i g n i f i c a n t l y  lower su r face  C / O  r a t i o  than t h a t  prepared a t  t he  same temperature  
and p ro tec t ed  from exposure t o  a i r .  The la t ter  sample was analyzed a t  t h e i n a t u r a l  
su r f ace ,  and then a t  su r faces  produced by removal of o u t e r  l a y e r s  of char  u s i n g  
i o n  " spu t t e r ing"  f o r  the  time ind ica t ed  on Table  3. The low C/O r a t i o  of t h e  
exposed sample i s  diie t o  t h e  adsorpt ion of oxygen on exposurc t o  air .  Higher 
oxygen con ten t s  a r e  r e l a t e d  t o  the  highly a c t i v a t e d  carbon t h a t  r e s u l t s  during t h e  
char  formation. The chars  formed at t h e  o t h e r  temperatures  given on Table 3 
exhibi ted l i t t l e  inc rease  i n  C/O r a t i o  with temperature.  These r e s u l t s  i n d i c a t e  
t h a t  erroneous su r face  d a t a  can be minimized by maintaining an i n e r t  atmosphere 
over t h e  c h a r  samples and a more accurate  a n a l y s i s  can be c a r r i e d  out .  
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TABLE 3 

ESCA RESULTS--VELVA LIGNITE CHAR (ELEMENT $1 

Char Temp. 
(OC) 

7501 
750 

700 
650 
600 

S p u t t e r  Time 
(minutes) 

0 
0 

10 
70 
70 
70 
70 

Element % 

74.4 21.0 --- 
82.1 14.3 --- 
82.9 13.0 --- 
84.3 11.6 --- 
81.9 10.9 0.9 
80.1 12.3 0.8 
80.3 12.6 1.0 

c/o 

4.73 
7.69 
8.52 
9.62 

10.03 
8.66 
8.47 

*Exposed t o  a i r  

COUCLUSIONS 

- Reac t iv i ty  o f  low-rank coa l  cha r s  a r e  increased by f a c t o r s  o f  two t o  fou r  a t  a 

- The inc reased  r e a c t i v i t y  is due t o  i n c r e a s e s  i n  su r face  a rea  and a c t i v e  s i t e s .  - Scanning e l e c t r o n  microscopy shows t h a t  ca t a lyzed  c h a r s  have a much higher  

- Potassium was d i s t r i b u t e d  more uniformly than t h e  t rona  over t h e  char  su r face .  - The h igh ly  a c t i v a t e d  carbon c rea t ed  by t h e  d e v o l a t i l i z a t i o n  o f  t h e  low-rank 
coa l  n e c e s s i t a t e s  t h e  prevention of exposure t o  a i r  i f  CO func t iona l  groups 
a r e  t o  be accu ra t e ly  i d e n t i f i e d  by ESCA o r  quan t i f i ed  by CP/MAS 13C NMR. 

g iven temperature  wi th  a d d i t i o n  o f  c a t a l y s t .  

su r f ace  a r e a  than  uncatalyzed chars .  
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a) Martin Lake Char - Mag. 6000X b) Martin Lake/K2C03 

d! Velva/M2CO3 Char - Mng. 6000X C )  Velva Char - Mzgi 600@X 

Figure 1 - SEM Photographs of Coal Chars and 
Coal/KeCOj Char Prepared a t  75Ooc 
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UNCATALYZED AND CATALYZED VELVA CHARS 
ACTIVE SITES VS TEMPERATURE 
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Figure 2. Number of ac t ive  s i t edearban  atom in Velva l i g n i t e  char with and 
without ca ta lys t .  
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Figure 3.  ,Number o f  ac t ive  sites/carbon atom in Martin Lake l i g n i t e  char with and 
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Figure 4 .  CP/MAS 1 3 C  NMR Spectra of (a )  Velva North Dakota l i g n i t e  (b) Velva 
l i g n i t e  char (750OC) and ( c )  Velva/Trona char 75OoC. 
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Figure 5. CPfMAS '3C NMR spectra of Velva/Trona char prepared at (a) 7OO0C (b) 
65OoC, and (I?) 6OO0C; 
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PYROLYSIS =/US AMALYSIS OF LOW-RANK COAL 

David J. Miller and Steven B. Eawthorne 

University of North Dakota Energy Research Center 
Box 8213, University Station 

Grand Forks, North Dakota 58202 

ABSTRACT 

The reactivity of coals under liquefaction conditions is 
related to their thermal decomposition. Pyrolysis GC/MS is used 
to determine the identity of the volatile products as the changes 
in coal structure occur. A Wyoming subbituminous coal (Clovis 
Point) and a North Dakota lignite (Indian Head) were heated under 
helium at four temperatures (160 OC, 250 OC, 300 OC, and 350 OC) 
for 30 minutes. The volatile species were cryogenically trapped 
in a capillary gas chromatographic column for GC/MS analysis. 
The two lower temperatures showed only devolatilization products 
(e.g., biological markers such as alkanes and terpenoids) while 
the higher temperatures yielded products resulting from bond- 
breaking (i.e., pyrolysis). The devolatilization and pyrolysis 
products of the two coals were similar in overall composition but 
markedly different in their distribution. The subbituminous coal 
(Clovis Point) pyrolysate contained phenol and cresols along with 
large amounts of C1g to C31 normal alkanes. Indian Head lignite 
pyrolysate contained a much larger amount of phenol, alkyl 
substituted phenols and dihydroxybenzene and lesser amounts of 
C1g to C31 alkanes. 

INTRODUCTION 

Pyrolysis gas chromatography/mass spectrometry has become 
increasingly popular for the analysis of solid fuel and fuel 
related materials. In recent papers, pyrolysis-GC/MS has been 
applied to model compounds (1) , asphaltenes (21, kerogens (2), 
buried wood (3), coalified logs (3) , and coal(4). A wide variety 
of techniques are employed for the pyrolysis of the sample. Most 
of the reported techniques employ some type of pyrolysis probe 
capable of rapid heating rates and temperatures in the 600 OC to 
>1000 OC range. The sample sizes reported were from 5 ug to 100 
U9. 

In order to study the products of thermal decomposition under 
low-severity liquefaction conditions, the maximum temperature 
used in this study was 350 OC. Our technique involves the use of 
approximately 10 mg of sample per analysis. The devolatilization 
and pyrolysis products are introduced into a split injector and 
cryogenically trapped at the head of a fused silica capillary gas 
chromatographic column. The use of a relatively large sample, 10 
mg, and a split injector allows for a more representative sample 
to be collected on the capillary column. The sample is then 
separated and analyzed using standard GC/MS techniques. 

10 



I 

EXPERIMENTAL 
Samples 

Wyoming subbituminous coal (Clovis Point) and a North Dakota 
lignite (Indian Head) were used in this study. Both coals were 
ground to -200 mesh and dried i n  a vacuum desiccator for 48 hours 
prior to pyrolysis. 

Pyrolysis Gas Chromatography/Mass Spectrometry 

Figure 1 shows a schematic diagram 0.f- the pyrolysis 
apparatus. Approximately 10 mg of coal was placed in a 30 cm x 4 
mm i.d. pyrex tube. The sample was positioned approximately 5 cm 
from the outlet of the pyrex tube with a plug of silanized glass 
wool. The outlet of the tube was attached to a 1/4" x 1/16" 
stainless steel union fitted with a 2 in. x 0.20 mm i.d. needle. 
The sample tube was placed in the tube heater that had been 
preheated to the desired pyrolysis temperature. During the 
pyrolysis step, the needle was inserted into the split/splitless 
injection port, the helium flow was diverted from the injection 
port to sweep the pyrolysis products out of the pyrolysis chamber 
and into the injection port, and the tube heater was dropped down 
around the sample and union/needle assembly. The injection port 
was operated with a split ratio of approximately l:100. The 
pyrolysate entering the f used-si1 ica cap i 11 ary chromatographic 
column was cryogenically trapped by holding the oven temperature 
at -50 OC during the 30 minutes pyrolysis: Upon completion of 
pyrolysis, the column oven was heated rapidly to 0 OC followed by 
temperature programming at 6 oC/min to 320 OC. GC/MS analysis of 
the pyrolysis products was performed with a Hewlett-Packard model 
5985B using a 60 m x 0.25 mm i.d. (0.25 um film thickness) DB-5 
fused silica capillary column (J & W Scientific, Folsom, CA). 
Helium was used as the carrier gas at an approximate linear flow 
rate of 50 cm/sec. Pyrolysis gas chromatography with flame 
ionization detection (GC/FID) was performed in a similar manner 
using a Hewlett-Packard 5890 GC. 

Electron impact (EI) mass spectra were generated at 70 eV 
with a scan range of 35-500 amu. In the chemical ionization (CI) 
mode, reagent gas was introduced directly into the source through 
a heated transfer line colinear with the chromatographic column. 
Source pressure and CI tuning parameters have been reported 
previously (7). The structures of the dioxygen compounds (e.g. , 
C2 dihydroxybenzene vs C1 methoxyphenol) were confirmed by the 
use of deuterated reagent chemical ionization GC/MS. In this 
technique, the -OH proton is exchanged for deuterium and an 
apparent molecular weight change occurs. For example, ,a .C2 
dihydroxybenzene (MW = 138) would exhibit a pseudo-molecular ion 
at m / Z  142 (ionization by D+ and exchange of two acidic protons 
for deuterium), while a C1 methoxyphenol (MW = 138) would have a 
pseudo-molecular ion at m/z 141 (ionization by D+ and exchange of 
one acidic proton). Because of a prominent background ion at m/z 
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101 due to a reagent cluster ((CH3OD)3D+), the lower limit for 
the mass scan range using CH30D CI was 104 amu. 

RESULTS AID DISCUSSIOM 

Figures 2 and 3 are the pyrolysis-GC/FID chromatograms of the 
Wyoming subbituminous coal and the North Dakota lignite at the 
four pyrolysis temperqtures (160, 250, 300, and 350 OC). The 
numbered peaks in Figures 2 and 3 are identified in Table 1. 
Chromatograms for 160 OC and 250 OC show species that are 
thermally desorbed from the coal, and that are not pyrolysis 
products. This has been confirmed by the use of supercritical 
N20 extraction (300 atm at 45 OC) ( 8 )  which yielded extracts that 
had chromatograms virtually identical to those from the 160 OC 
and 250 OC thermal experiments. These compounds are primarily 
biological markers such as alkanes, sesquiterpenes, triterpanes 
and steranes(5,6). 

Comparison of the chromatograms obtained at 350 OC for the 
two coals shows marked differences in the composition of their 
pyrolysates. The pyrolysate yield for the lignite under the 
pyrolysis conditions described in the experimental section was 
much less then the yield for the subbituminous coal. The 
pyrolysate from the Wyoming subbituminous coal contains 
relatively larger amounts of aliphatics, aromatics, and oxygen- 
containing species such as phenol and alkylphenols. Catechol 
(1,2-dihydroxybenzene) is present in the pyrolysate of both 
coals, but in much lower concentration from the subbituminous 
coal than from the lignite. The lignite pyrolysate contains the 
same types of compounds as those found in the subbituminous coal 
pyrolysate but the distribution is very different. Alkanes in 
the range of c18 to C31 are present in both pyrolysates but are 
in much lower concentration in the lignite pyrolysis product. 
Anisole and C1 anisole isomers were present in the lignite 
pyrolysate but not in the subbituminous pyrolysate. Larger 
amounts (relative to other components in the sample) of 
dihydroxybenzene, methoxyphenol, and their C1 and C2 alkyl 
derivatives were present in the lignite pyrolysate. This is 
consistent with results published by Hatcher, et a1 (3), and 
would be expected since lower rank coals have undergone less 
coalification and would contain organic constituents which more 
closely resemble structures (e.g., lignin) found in the original 
plant material. Several of the substituted dihydroxybenzenes and 
methoxyphenols were absent from the subbituminous pyrolysate. 

CONCLUSION 

Pyrolysis gas chromatography/mass spectrometry can be a 
valuable t o o l  for evaluating candidate coals for use in synthetic 
fuel processes especially where separation and upgrading of the 
pyrolysate fraction is a concern and the chemistry of the process 
has a narrow operational range. Structural differences in the 
pyrolysates can be related to the structure of the coals. The 
larger sample size and split injection used in our technique 
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TABLE I .  Identification of Numbered Peaks from Figures 2 and 3. 

Peak Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13,14 
15 
16 
17 
18 
19 

20 
21,22 
23 
24 
25 
26-39 
40,41,42 
43 
44 
45 
46 
47 
48 

Species 

methylcyclopentadiene or isomer 
benzene 
acetic acid 
C2-cyclopentadiene or isomer 
t ol uene 
C2-cyclohexane or isomer 
C2-benzene 
cyclooctatetraene and C2-benzene 
anisole 
phenol 
C1-anisole 
C3-benzene 
cresol isomers 
methoxyphenol 
C2-phenol 
dihydroxybenzene 
C3-benzene 
C1-dihydroxybenzene and 
C1-methoxyphenol 
C1-dihydroxybenzene 
C2-dihydroxybenzene 
C2-naphthalene 
cadalene 
M=266 biological marker 
c18 to C31 alkanes 
M=206 sesquiterpene isomers 
M=262 biological marker 
M=276 biological marker 
M=270 biological marker 
M=252 biological marker 
M=234 biological marker 
M=286 biological marker 

14 



114' x 1116' Union - 

1 

1 

Glass or Quartz wool 

6mm Glass or Quartz Tube 

114- x 1116' Union 

2' x 0.22mm i.d. Needle 

Split Injection Port. Column 

Helium Flow During 

Pyrolysis 

Divert Valve 

/ 

Helium Flow During 

Analysis 

F i g u r e  1 .  P y r o l y s i s  Apparatus. 

1 5  
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Pyrolysis GC/FID of Lignite Coal 
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Figure  3 .  P y r o l y s i s  GC/FID t r a c e  from North Dakota l i g n i t e  
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COMPARISON OF DETECTORS FOR SIZE EXCLUSION CHROMATOGRAPHY OF 
HEAVY OIL FRACTIONS 

S .  COULOMBE 

CANMET, Energy Research Laboratories 
Energy, Mines and Resources Canada 

555 Booth Street, Ottawa, Ontario K1A OG1 

INTRODUCTION 

Size exclusion chromatography (SEC) is often used for the 
molecular weight determination of heavy oils, residues, pitches and 
asphaltenes because it is capable of providing the molecular weight 
distribution in addition to the average molecular weights. However, 
since these samples are very complex, results are often approximative 
because of three factors. First, the exclusion process separates 
molecules by size and shape instead of weight. Second, the sample is 
composed of hundreds of molecules having widely different properties 
which implies that additional interactions will add to the size 
exclusion process (1-4). Finally, the quantitation itself is 
approximative since usual LC detectors do not provide a signal that is 
independant of the molecular structure. 

In this paper, the performance of a differential refractometer, 
an; evaporative detector and a flame ionization detector for liquid 
chromatography is compared in terms of linearity, response factors and 
detection limits. 

EXPERIMENTAL 

The refractive index detector is a Waters 401 differential 
refractometer used in conjunction with a thermostated bath to keep the 
detector in isothermal conditions. 

The flame ionization detector is a Tracor 945 LC-FID specially 
designed for liquid chromatography. The eluant is deposited on the 
belt and the solvent is evaporated before the belt enters the detector 
flame which will detect only the solute. 

The evaporative detector is an Applied Chromatography System 
(ACS) 750/14 "Mass Detector" in which the eluant is nebulized at the 
entrance of a heated tunnel. The solvent is .evaporated in this 
tunnel, thus leaving solute particles in a gas stream. Light scattered 
by the non-gaseous particles is detected by a photomultiplier. 

Experiments were performed on a Varian 5000  liquid chromatograph 
using two types of columns: a Techsphere 5um amino column 
(HPLC Technology Ltd) for light standards and three Ultrastyragel 
styrene/divinylbenzene GPC columns (Waters) for polymer standards. 
All solvents were degassed before use. 
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RESULTS 

Results are presented in terms of response factors, detection 
limits and linearity. Response factors are calculated according to 
the following equation: 

area under eak X ~ amount of standa d 
RF = amount of cozpound X area umder standardrpeak 

Detection limit (DL) is calculated as the amount of compound 
equivalent to twice the noise level. In order to take account of 
different retention times and peak shapes, a time corrected detection 
limit (DLT) was defined as the detection limit (DL) divided by the 
peak width at half-height. 

Finally, the linearity range was evaluated using log-log graphs 
of peak area vs injected amount for concentrations ranging from 
detection limit to solubility limit at room temperature. 

Differential refractometer 

This detector is the most widely used in size exclusion 
chromatography. Table 1 shows how response factors can vary from 
compound to compound. This can obviously cause errors in quantitation. 
Detection limits were calculated for two extreme compounds avoiding 
cases where solubility problems were suspected. Finally, Figure 1 
shows excellent linearity over three orders of magnitude for 
phenanthrene. 

Flame ionization detector 

Figure 2 shows the signal decrease observed with time for a 
series of injections of a four-component mixture. Note that the time 
scale is not linear nor proportional. The numbers only indicate the 
order of injection. Pearson and Gharfeh (10) found that this decrease 
was caused by a gradual overheating of the block supporting the belt, 
thus causing evaporation of the solute before it gets to the flame. 
They proposed to use a fan to keep a good ventilation. In our 
experiments, an internal standard was used to calculate the response 
factors and calculations of detection limits were done on early 
injections. 

Table 2 shows how response factors can vary between compounds. 
Linearity (Fig. 3 )  is good if one avoids high concentrations where low 
response was probably due to detector saturation. However, it must be 
noted that the relation is exponentional as shown by the slope 
different than 1. 

EvaDorative detector 

Temperature is the most important operating parameter of this 
detector. Ideally, the evaporation tunnel is maintained at a 
temperature which will ensure complete evaporation of the solvent 
while the solute is not affected by the process. This temperature 
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setting is not in degrees but in arbitrary units, 0 meaning no 
heating. Figure 4 shows that a high temperature setting can seriously 
affect the response and how the variation is closely related to the 
molecular weight (or boiling point) of the compound. One must note 
here that standards selected for this study are not particularly 
volatile since their molecular weight is higher than 165 g/mol and 
their boiling point >285'C. Bartle (6) also stated that the analysis 
of samples having a molecular weight lower than 300 g/mol is 
questionable. 

Response factors were calculated for several temperature settings 
(Table 3). At higher temperatures, response factors are extremely 
different. When no heating is applied, differences are less severe but 
still very significant. It can be observed that even without heating 
the response factors are still correlated with boiling points although 
these are relatively high (>285'C). Of course, detection limits vary 
to the same extent (Table 4 ) .  

Linearity plot (Fig. 5) shows some curvature. However, if one 
avoids a lower concentration range, the curve could be approximated to 
an acceptable straight line whose slope is closer to 1, which 
facilitates calibration. Oppenheimer and Mourey ( 8 )  already indicated 
that operating conditions must be carefully chosen in order to ensure 
linear relationship. Along with Charlesworth (5,7), they also 
indicated that aerosol formation influences detection. Hence, surface 
tension and viscosity of the solvent are important since the droplet 
size will influence the size of the particles that cross the light 
beam. It is also possible that the refractive index (7,s) and opacity 
of these particles have a significant influence on the output signal. 

Polwners 

Since the evaporative detector is mainly used in polymer 
analysis, response factors and linearity were investigated f o r  
selected polymers. Response factors for these polymers seem to be more 
uniform than for the refractometer, and also more uniform than for the 
individual standards analyzed in previous sections (Table 5!. 
Linearity (Fig. 6) appears to improve slightly with polymers but again 
it is preferable to avoid concentrations approaching detection limits. 

DISCUSSION 

Performance 

Linearity (Fig. 1, 3, 5 and 6) is definitely better for the 
refractometer than for the other detectors. Both LC-FID and 
evaporative detector linearity plots show curvature that could be 
avoided if not working with too high or too low concentrations. In the 
case of LC-FID, the response is clearly exponential and one must be 
careful in using a calibration curve. 

Table 6 shows a summary of the variation of response factors for 
a series of components. For individual standards of molecular weight 
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between 165 and 300 g/mol, the refractometer showed the least scatter 
of data as the relative standard deviation (RSD) indicates. The 
evaporative detector gave the worst results because the evaporation of 
solute was a limiting factor. When polymers are considered, this 
detector seems to be slightly superior to the refractometer since 
evaporation of sloute is minimal. 

The variety of response factors obviously influences detection 
limits (Table 7). However, minimum and maximum values give an overview 
of the range that can be expected for a given detector. One can see 
that the LC-FID has detection limits one order of magnitude higher 
than the other detectors due to high noise levels and spiking problems 
(see Fig. 7). 

Other characteristics 

The refractometer cannot be operated in a solvent gradient mode. 
This is not really a problem in SEC since gradients are seldom used 
with this type of chromatography. The nature of the detection process 
also implies that response factors thus quantification might be 
different when using different solvents. On the other hand, the 
refractometer is a very simple and easy-to-use detector showing good 
reproducibility. A definite advantage over the two other detectors is 
that it is suitable for both light and heavy compounds. 

The evaporative detector response is partly related to the 
quality of the aerosol thus to physical properties of the eluant. 
These properties are affected by operating temperature, pressure, flow 
rate and solvent. For this reason, one must be careful in using 
gradients. As mentioned previously, volatile compounds cannot be 
analyzed using this detector. Finally, the evaporative detector is 
solid and relatively easy to use. 

In comparison, the LC-FID is a fragile detector, especially the 
belt. It is more complicated to operate. However, once good conditions 
are found, they do not have to be changed. One could question the 
completeness of detection and of combustion by the cleaning flame when 
heavy compounds are analyzed. 

Analvsis of Ditch samDles 

Table 8 shows the results obtained for the SEC analysis of three 
pitch samples while comparative chromatograms for sample 1 are given 
in Fig. 7. A ultraviolet detector trace was added for comparison. 
Obviously, a W detector is not recommended since the extinction 
coefficient can be widely different between components. It can be seen 
here that it overestimates the contribution of the high molecular 
weight portion of the sample. This is indicated by very high weight 
average molecular weight (M ) values since more importance is given 
to . Conversely, the LC-FID 
does not detect high molecular weight sp%ies very well as shown by 
the lower M values. This detector also displayed severe spiking and 
high systegatic noise that were responsible for the poor detection 
limits. 

heavier species in the cxlculation of 
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As shown in Table 8, average molecular weght values can differ 
widely and moreover the trends between samples are not always the same 
(see M for samples 2 and 3). Figure 7 shows that the refractometer 
detects" a larger quantity of heavy material than other detectors 
(except W) and that detection of the light material with the 
refractometer can be disturbed by the solvent front. On the other 
hand, the lighter components might not be detected properly by the 
evaporative detector. Finally, the noise level is slightly lower for 
the refractometer than for the evaporative detector. 

SUMMARY 

When considering all factors, it is very difficult to select a 
specific detector as the best for size exclusion chromatography of 
heavy oil related samples. The LC-FID was found to be unsatisfactory. 
The only procedure that would aid the selection between the 
refractometer or the evaporative detector would be to collect and 
weigh narrow fractions of the chromatographic effluents and to 
calculate the molecular weight of these less complex fractions. 
However, for 
different types of samples. Current practice in our laboratory is to 
analyze samples with both detectors in series in order to get a better 
idea of the nature of the sample. 

this time consuming procedure would have to be repeated 
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Table 1 - Response factors and detection limits 
for differential refractometer 

Pyrene 
Phenanthrene 
0-Terphenyl 
3-Methyl cholanthrene 
Dibenzofuran 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 
0.94 
0.74 
0.95 
0.74 
0.65 
0.75 
0.25 
0.78 
0.85 
0.34 
0.84 
0.72 
0.52 

~ 

2.8 3.3 

11.3 18.9 

Table 2 - Response factors and detection limits 
for flame ionization detector 

Pyrene 
Phenathrene 
o-Terphenyl 
3-Methyl cholanthrene 
n-C 
DibiiAZOfUran 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 
0.21 
0.86 
0.78 

0.26 
0.54 
0.54 
0.87 
0.30 
0.59 
0.12 
0.69 
0.99 
0.26 

1.58 
4.2 3.5 

2.6 2.2 
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Table 3 - Response factors for evaporative detector 
Temperature settina 

0 5 10 15 Compound 

Pyrene 
Phenanthrene 
o-Terphenyl 
3-Methyl cholanthrene 
n-C 
Dib&zo furan 
Benzophenone 
Xanthene 
Eicosanol 
Diphenyl amine 
5,6-Benzoquinoline 
Carbazole 
Dibenzothiophene 
Thianthrene 
Triphenyl methyl mercaptan 

1.0 1.0 1.0 
0.26 

0.53 0.46 0.31 
0.85 1.57 1.43 

0.69 
0.027 0.014 0.011 
0.13 0.073 0.083 

0.060 
0.80 
0.11 
0.60 
0.76 

0.19 0.12 0.15 
0.25 
1.04 

1.0 
0.21 
0.62 
5.21 
1.69 
0.004 
0.040 
0.047 
2.75 
0.064 
0.34 
2.45 
0.12 
0.32 
1.94 

Table 4 - Detection limits for evaporative detector 
- 

DL (10 *)9) DLT (10 ' g / s )  Compound 
Temperature: 0 5 10 15 0 5 10 15 

Dibenzofuran 2.11 37.3 3.51 62.2 

Pyrene 0.741 2.24 1.73 3.45 0.617 1.87 1.44 2.88 
3 -Methyl 0.575 1.01 1.06 1.06 0.319 0.564 0.588 0.588 

Benzophenone 1.55 14.6 9.84 34.8 1.04 9.76 8.2 29.1 

cholanthrene 

Table 5 - Response factors for polymers 

Compound Refractometer Evaporative detector 

Polystyrene 1.0 
Polyvinyl acetate 0.19 
Polysulfone 0.92 
Polyethylene glycol 0.31 
Polyamide 0.34 

0.18 "-'36 

1.0 
0.44 
0.71 
0.67 
0.35 
0.61 
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Table 6 - Summary of response factors 

Detector Min Max n X RS D 

' Standard compounds 
Refractometer 0.25 1.0 14 0.72 0.22 3 1% 
Flame ionization 0.12 1.58 15 0.64 0.39 61% 
Evaporative (T=O) 0.027 1.57 6 0.45 0.40 89% 
detector (T=10) 0.011 1.43 15 0.50 0.43 86% 

Polymers 
Refractometer 0.18 1.0 6 0.49 0.37 76% 
Evaporative det. 0.35 1.0 6 0.63 0.23 3 6% 

(T=O) 

Table 7 - Summary of detection limits 

DL (ucr/cr) DLT fns/s) 
Min Max Min Max Detector 

Refractometer 0.28 1.13 33 189 

Flame ionization 2.6 4.2 220 350 

Evaporative det. (T=O) 0.58 2.1 32 35 
(T=5) 1.0 37 56 6200 

Table 8 - Average molecular weight of pitch samples 

Samule Refractometer Evauorative det. LC-FID W 

Number average molecular weight, Mn 

1 
2 
3 

1 
2 
3 

780 
500 
290 

590 
380 
340 

Weight average molecular weight, Mw 

2730 
2250 
2170 

1960 
1520 
1380 

560 580 
470 290 
330 250 

1050 3410 
880 2540 
630 2240 
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Fig.1 - Linearity of refractometer for phenanthrene (Slope=0.941, 
-0.9988) 

1 .0  

0.9 

al 
10 c 
2 0.8 
10 
92 L 

al > .A 

0.7 
?-I 

W U 

0.6 

0 . 5  a I I I I 8 I I 

2 4 6 a 10 12 14 16 18 
Time [arbitrary scale) 
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Pig.5 - Linearity of evaporative detector for pyrene (--- slope=1.5)7,  
~ 0 . 9 8 3 9 ; -  slopen1.161,r=0.9892) 
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Fig.6 - Linearity of evaporative detector for polystyrene Of Hw=6200 
(--- slope-1.286, r=0.9888, -s lope=i .0 i l ,  ~ 0 . 9 9 6 9 )  
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INTRODUCTION 

The presence o f  h igh  quan t i t i es  o f  aromatic compounds i n  middle d i s t i l l a t e  f u e l s  
causes problems f o r  re f i ne rs  and users because o f  t h e  soo t ing  propensi ty o f  such 
o i l s .  D i s t i l l a t e  f u e l s  con ta in ing  a h i g h  p r o p o r t i o n  o f  a romat ic  compounds a r e  
being produced due t o  t h e  increased use o f  non-conventional crudes and o f  lower 
cos t  b lending components t o  maximize product y i e l d .  

The method normally used i n  re f i ne r ies  f o r  determining aromatics i n  o i l s  i s  ASTM D 
1319, t h e  f l u o r e s c e n t  i n d i c a t o r  adso rp t i on  (FIA) method (1). The method uses 
inexpensive equipment and i s  s imp le  t o  perform; however, it does have some 
l i m i t a t i o n s .  The procedure i s  l eng th l y  and r e s u l t s  depend upon t h e  opera to r ' s  
a b i l i t y  t o  d i s t i n g u i s h  between t h e  co lo red  bands, which can be d i f f i c u l t  f o r  
colored samples. Problems have been repor ted  w i th  v a r i a t i o n s  i n  dye composi t ion 
and a v a i l a b i l i t y  of t he  proper grade and a c t i v i t y  o f  s i l i c a  gel  (2). F i n a l l y ,  t h e  
scope of t he  method excludes samples w i th  f i n a l  b o i l i n g  po in ts  greater than 315OC. 

The purpose o f  t h e  present work was t o  develop a simple, inexpensive and p rec i se  
method t o  determine aromat ics content i n  heat ing  o i l s  and d i e s e l  f u e l s .  I t  was 
desired t h a t  t h e  method be app l icab le  t o  samples b o i l i n g  as h igh  as 4OO0C, and 
t h a t  it be s u i t a b l e  f o r  use in  re f i ne ry  cont ro l  laborator ies.  

Mass spec t romet ry  and n u c l e a r  magnet ic  resonance may be  used f o r  a r o m a t i c s  
de terminat ion ,  b u t  bo th  r e q u i r e  expensive i ns t rumen ta t i on  and h i g h l y  t r a i n e d  
operators. They a re  there fore  unsui table f o r  rou t i ne  re f i ne ry  use. 

Many methods based on h i g h  performance l i q u i d  chromatography (HPLC) have been 
employed f o r  s a t u r a t e s  and aromat ics  de te rm ina t ion .  Some examples a r e  t h o s e  
reported by Suatoni and Swab (3), A l f redson (4) and Cookson e t  a l  (5). Genera l l y  
these methods a r e  character ized by good separation, ana lys is  times o f  less than 10 
minutes, and a r e  n o t  l i m i t e d  t o  low b o i l i n g  samples. The i r  main disadvantage i s  
t he  s p e c i f i c i t y  o f  t h e  usual u l t r a v i o l e t  (W) and r e f r a c t i v e  index (RI) detectors, 
which require ex tens ive  c a l i b r a t i o n  using e i t h e r  model compounds s i m i l a r  t o  those  
i n  the  samples be ing  analyzed, o r  f r a c t i o n s  prepared from t h e  actual  samples by 
open column chromatography. 

Two detectors thought t o  be preferable t o  the  R I  and W, because o f  t h e i r  r e l a t i v e  
uni formity o f  response f o r  hydrocarbon types over a wide range o f  carbon numbers, 
a re  the d i e l e c t r i c  constant (DC) detector and the  flame ion i za t i on  detector (FID). 
Th is  ! in i fo rmi ty  o f  response g r e a t l y  simp1 i f  i e s  t h e  c a l i b r a t i o n  procedure. Hayes 
and Ai.'erson (6) used a DC d e t e c t o r  i n  c o n j u n c t i o n  w i th  conven t iona l  HPLC 
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employing P a r t i s i l  columns and n -bu ty l ch lo r i de  as the  mobi le phase t o  determine 
saturates, monoaromatics and polyaromatics i n  fue l  d i s t i l l a t e s .  

The FID p r e s e n t s  a p rob lem when used w i t h  c o n v e n t i o n a l  HPLC because  o f  
interference from commonly used solvents. Nor r i s  and Rawdon (2) have success fu l l y  
coupled s u p e r c r i t i c a l  f l u i d  chromatography (SFC) w i th  FID us ing  carbon d i o x i d e  as 
t h e  mob i le  phase and a s i l i c a  column coated  w i t h  s i l v e r  n i t r a t e  t o  de termine 
saturates,  o l e f i n s  and aromat ics i n  gaso l i nes .  Schwartz and Brownlee (7) a l s o  
employed SFC/FID t o  determine p a r a f f i n s ,  o l e f i n s  and a romat i cs  i n  g a s o l i n e s  
employing a s i l i c a  column wi th  s u l f u r  hexaf luor ide as the  mobile phase. 

I n  SFC t h e  mob i le  phase i s  a h i g h l y  compressed gas (8) w i t h  exce l l en t  s o l v a t i n g  
proper t ies .  Th is  cond i t ion  i s  achieved above the  c r i t i c a l  temperature and pressure 
o f  t h e  mobi le phase. General ly the  dens i ty  o f  t h e  f l u i d  and hence i t s  s o l v a t i n g  
a b i l i t y  i s  i nc reased  by e i t h e r  i n c r e a s i n g  t h e  p r e s s u r e  o r  d e c r e a s i n g  t h e  
temperature. Th is  w i l l  usual ly r e s u l t  i n  a loss o f  s e l e c t i v i t y  w i th in  a homologous 
ser ies ,  bu t  can be advantageous when c lass  separations (saturates,  aromatics) a re  
desired over a wide molecular weight range. An SFC system i s  e a s i l y  coupled t o  an 
FID w i t h  l i t t l e  i n t e r f e r e n c e  f rom t h e  m o b i l e  phase f l u i d  s i n c e  i t  r a p i d l y  
desolvates be fore  en ter ing  the  detector (9). 

I n  t h e  present work the  e f f e c t s  of  temperature, pressure and s ta t i ona ry  phase on 
t h e  SFC/FID d e t e r m i n a t i o n  o f  a r o m a t i c s  i n  m i d d l e  d i s t i l l a t e  f u e l s  were  
i n v e s t i g a t e d .  The FID response t o  bo th  s a t u r a t e s  and aromat ics  i s o l a t e d  f rom 
several actual  samples was determined. Resul ts were compared t o  those ob ta ined by 
the  FIA method, and the  p o s s i b i l i t i e s  o f  us ing  SFC/FID f o r  determining aromat ics 
on t h e  basis o f  number o f  r i ngs  was invest igated. 

MPERIUEHTAL 

Instrumentat ion 
A Varian model 8500 syr inge pump was used t o  pressur ize t h e  carbon d iox ide  i n  the  
chromatographic column. I n l e t  pressures were between 3250 and 4200 ps i  (22,400 and 
28,900 kPa). To f a c i l i t a t e  f i l l i n g  o f  the  pump w i t h  l i q u e f i e d  gas, two a l t e r n a t e  
methods were used. One employed a Lauda model K4R c i r c u l a t o r  ba th  t o  keep t h e  
s y r i n g e  pump coo led .  The o t h e r  employed a c y l i n d e r  o f  carbon d i o x i d e  p r e -  
pressur ized t o  1200 ps i  w i t h  hel ium which al lowed t h e  pump t o  be f i l l e d  w i thou t  
c o o l i n g  (10). A Shimadzu model GC-EA gas chromatograph equ ipped w i t h  an FID 
contained the  chromatographic column. The CC was run  iso thermal ly  a t  temperatures 
ranging from 35 t o  90°C; t h e  temperature o f  t h e  de tec to r  was 4 0 0 O C .  A Rheodyne 
va l ve  model 7520 equipped w i t h  a 0 . 2  pL i n t e r n a l  sample loop mounted on t h e  
e x t e r i o r  of t h e  gas chromatograph was employed t o  introduce t h e  sample onto the  
column. A Spec t ra -Phys ics  model 4290 comput ing  i n t e g r a t o r  was used f o r  t h e  
c o l l e c t i o n  and reduct ion o f  the  data. 

Columns and R e s t r i c t o r s ,  
A l l  columns were 2 5 h  x 2.lmn I D  ( A l l t e c h  Associates). The f o l l o w i n g  s ta t i ona ry  
phases were employed: 5p s i l i c a  adsorbosphere, 5p cyano, 5p amino, and 20% AgNO 
on 5p s i  I i ca .  The r e s t r i c t o r s  were f l e x i b l e  fused s i  I i c a  capi I la ry  tub ing  attached 
t o  t h e  column w i t h  a 0.4mm 40% g raph i te  f e r r u l e  w i t h  a low dead volume f i t t i n g .  
E i the r  5Omn of lop ID  tub ing  inserted approximately 3 h  i n t o  the  FID, o r  1 3 h  o f  
20p I D  tub ing  i nse r ted  approximately 9Omm i n t o  t h e  FID, as c lose  as poss ib le  t o  
the  flame, was used. The l a t t e r  arrangement was found t o  e l i m i n a t e  ’spik ing”,  a 
common problem i n  SFC (10). 
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l i b r a t i o n  Mater ia ls  
i c  ACS gra e carbon d i s u l f i d e  (CS ) was used f o r  d i l u t i o n  o f  t he  
i c a t i o n  ofdthe column chromatoarapiic procedure o f  Sawatzky e t  a l  

. ,  o r  t h e  p repara t i on  o f  s a t u r a t e s  and' a romat i cs  f r a c t i o n s  f rom 
several actual  samples. The saturates f r a c t i o n  was e lu ted  from t h e  s i l i ca -a lumina 
column w i t h  n-pentane and the  aromatics w i t h  to luene. Following care fu l  a i r  d ry ing  
t o  remove t h e  so l ven t  these f r a c t i o n s  were used f o r  checking t h e  FID response 
fac to rs .  

RENTS AND DISCUSSION 

Saturates-Aromatics Separation 
A .  E f fec t  of Temperature: Retention time data, expressed as capaci ty fac to rs ,  f o r  

a se r ies  of model compounds are shown i n  the  f i r s t  two columns o f  Table 1 f o r  
t h e  s i l i c a  s t a t i o n a r y  phase, m o b i l e  phase  p r e s s u r e  o f  3600 p s i  and 
temperatures of 90 and 35OC. The capacity fac to r ,  k, i s  def ined by: 

where t, i s  t h e  r e t e n t i o n  t ime  o f  t h e  g i ven  model compound, and to i s  the  
re ten t ion  t ime of a compound no t  retained by the  column which i n  t h i s  case i s  
the impuri ty peak i n  the  CS, solvent.  A t  both temperatures, t h e  saturates span 
a much smal le r  range o f  k values than do t h e  aromat ics .  However, it can be 
seen t h a t  a t  35'C t h e  s a t u r a t e s  as a group a r e  b e t t e r  separated f r o m  t h e  
monoaromatics. For example a t  t h i s  temperature C,, has a lower k va lue  than 
does benzene, b u t  a t  Q O O C  C , and t o l u e n e  have approx ima te l y  t h e  same k 
values. The b o i l i n g  p o i n t s  of to luene and C3, correspond approximately w i t h  
the  lowest  i n i t i a l  b o i l i n g  p o i n t  and t h e  h i g h e s t  f i n a l  b o i l i n g  p o i n t  (as 
determined by gas chromatographic s i m u l a t e d  d i s t i l l a t i o n )  o f  a l l  m i d d l e  
d i s t i l l a t e  samples studied i n  the  present work. 

The dramatic improvement i n  saturates-aromatics separation upon decreasing the 
oven temperature i s  shown f o r  an actual  sample by t h e  chromatograms i n  F igure  
1. The sharp i n i t i a l  e l u t i n g  peak i s  due t o  the  sa tura tes .  A t  35°C t he re  i s  
almost basel ine separat ion between the  saturates and the monoaromatic group of 
peaks. An added advantage o f  operat ing a t  the  lower temperature i s  the shorter 
re ten t ion  times, which would r e s u l t  i n  shorter ana lys is  t imes per sample. For 
example, phenanthrene e lu tes  i n  11 min. a t  90°C compared t o  6 min. a t  35OC 
This  can be a t t r i b u t e d  t o  increased dens i ty  o f  t h e  s u p e r c r i t i c a l  CO, a t  t h e  
lower temperature, which increases i t s  so lva t ing  a b i l i t y  (8). 

B. E f f e c t  o f  Pressure: Data a r e  n o t  shown, b u t  t h e r e  was some improvement i n  
separa t i on  between s a t u r a t e s  and aromat ics  a t  90°C when t h e  pressure  was 
increased f rom 3250 t o  3600 ps i ,  presumably due t o  the  increased dens i t y  o f  
the CD . A t  35OC, however, t h e r e  was v i r t u a l l y  no change i n  t h e  separa t i on  
over t6e  pressure range of  3000 and 4200 ps i .  

E f f e c t  of Stat ionary Phase: Gr i zz le  and Sablotny (12) employed HPLC with two 
aminosi lane columns i n  s e r i e s  and hexane/methylene c h l o r i d e  as the  mob i l e  
phase t c  s e p z r a t e  s a t c r a t e s  and a r o m a t i c s .  Lundanes and Gra ib rokk  (13) 
repor ted  t h a t  a s i l ve r - impregna ted  s i l i c a  column was r e q u i r e d  t o  o b t a i n  
complete separa t i on  o f  sa tu ra tes  and aromat ics  by SFC us ing  CO,.. Based on 
these s t u d i e s  we i n v e s t i g a t e d  t h r e e  o t h e r  columns o r  combina t ions  i n  an 
at tempt t o  improve upon t h e  separa t ion  between sa tura tes  and aromatics. The 
data obtained a t  a pressure of 3600 ps i  and temperature o f  35OC are  shown i n  

k (t, - to) / t 
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Table 1. It can be seen t h a t  the  separat ion us ing  t h e  s i l i c a / c y a n o  (Si/CN) 
combination i s  no t  as good as t h a t  of the  s i l i c a  a t  t he  same temperature. C, 
and xylene have the  same k value using the  Si/CN, whereas C, has a smal le r  E 
va lue  than xy lene w i t h  t h e  s i l i c a  a l o n e .  For t h e  amino fNH,) column t h e  
separat ion between sa tura tes  and aromat ics i s  much poorer; i n  t h i s  case C 
has t h e  same k v a l u e  as hexamethyl benzene. From t h e  I i m i  t e d  number ,"d 
compounds run, i t  appears t h a t  t he  se r ies  combination o f  s i l ica/POX AgNO, on 
s i l i c a  (Si/Ag) i s  no b e t t e r  than s i l i c a  a t  90°C. I t  i s  concluded t h a t  o f  t h e  
s ta t i ona ry  phases s tud ied  i n  our SFC system, t h e  b e s t  sa tura tes-aromat ics  
separation i s  obtained using a 5p s i l i c a  column. 

Ca l ib ra t ion  
I n  o r d e r  t o  check FID response f a c t o r s  f o r  s a t u r a t e s  and a romat i cs ,  some 
c a l i b r a t i o n  s tud ies  were ca r r i ed  out.  The c a l i b r a t i o n  curves were determined using 
sa tura tes  and aromat ics f r a c t i o n s  prepared from fou r  m idd le  d i s t i l l a t e  samples 
using the  procedure reported by Sawatzky e t  a l  (11). Recoveries o f  ma te r ia l  from 
the  column ranged from 81 t o  99 w t X ,  i n d i c a t i n g  the  loss o f  some lower b o i l i n g  
components. The SFC chromatograms o f  one o f  t h e  samples and o f  i t s  s e p a r a t e  
f r a c t i o n s  us ing  t h e  s i l i c a  column a t  a pressure o f  3250 p s i  and tempera ture  o f  
90°C, a re  shown i n  Figure 2. The r e l a t i v e l y  h igh  degree o f  p u r i t y  o f  each f r a c t i o n  
implies t h a t  t h e  separations by column chromatography and SFC are  s i m i l a r  making 
the  f rac t i ons  s u i t a b l e  f o r  c a l i b r a t i o n  purposes. 

The c a l i b r a t i o n  curves ob ta ined over a broad range o f  concen t ra t i on  u s i n g  CS, 
so lu t ions  of t h e  saturates and aromatics f r a c t i o n s  are shown i n  Figure 3 .  The data 
po in ts  were f i t t e d  t o  t h e  l i n e :  y = A * x .  The response f a c t o r s  as g i v e n  by t h e  
slopes o f  each l i n e  d i f f e r  by only 5%. Di f ferences o f  t h i s  order of magnitude were 
reported f o r  CC/FID work on model compounds (14), from which i t  was concluded t h e  
response fac to rs  are more or  less eq iva len t .  

Curvature was noted i n  t h e  sa tura tes  response above approx imgte ly  1 0 0 ~ 1 0 ~  area 
counts, whereas t h e  aromat ics  response was l i n e a r  t o  300x10 area coun ts .  The 
l i k e l y  reason f o r  t h i s  behavior i s  t h a t  t he  FID becomes sa tura ted  above a c e r t a i n  
concen t ra t i on .  The s a t u r a t e s ,  which have a much sha rpe r  peak, s a t u r a t e  t h e  
detector a t  a lower sample s i z e  than do the  aromatics. Because o f  t h i s  non- l inear  
behavior, it was necessary t o  reduce the  concentrat ion o f  sample reaching t h e  FID 
by d i  l u t i on .  CS, was chosen as the  solvent because o f  i t s  low FID response. I t  was 
found f o r  a l l  samples i n  t h i s  s tudy  t h a t  d i l u t i o n  by a f a c t o r  o f  t e n  was 
s u f f i c i e n t  t o  b r i n g  t h e  saturates i n to  the  l i nea r  range. 

Because of t h e  c l o s e  agreement between sa tu ra tes  and a romat i cs  response f o r  
f r a c t i o n s  ob ta ined from ac tua l  samples, i t  was decided t h a t  t h e  i n teg ra ted  area 
percentages may be used d i r e c t l y  t o  quan t i t a te  sa tura tes  and aromat ics p rov ided 
t h a t  samples a r e  d i l u t e d  such t h a t  t he  components a re  w i t h i n  t h e  l i n e a r  range o f  
t he  detector and t h a t  a small cor rec t ion  i s  made f o r  t he  area o f  t he  impuri ty peak 
from the  CS,. 

Repeatabi I i t v  and Accuracy 
f h e  w t %  aromatics values were obtained from analyses o f  dup l i ca te  (1 : lO)  d i l u t i o n s  
i n  CS, of each o f  22 samples o f  heating o i l s  and diesel  f ue l s .  Standard dev ia t i ons  
ranged from 0 t o  1 .4  w t X .  A poo led  s tandard  d e v i a t i o n  v a l u e  o f  0.4 w t %  was 
ca lucu la ted  from a l l  data us ing  the  formula g iven by Snedecor and Cochran (15). 
According to.ASTM C 670-81 (16) the  standard dev ia t ion  i s  m u l t i p l i e d  by t h e  f a c t o r  
2.83 t o  ob ta in  a repea tab i l i t y .  For the  present data t h i s  repeatabi  I i t y  statement 
i s  as follows: "Duplicate measurements by the  same operator should be considered 
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repeatab 

i f  t h e y  d i f f e r  by more t h a n  1.1 w t X  19 t i m e s  o u t  o f  20 " .  T h i s  
I i t y  compares favorably w i th  t h a t  reported f o r  t he  FIA method (1). 

These p a r t i c u l a r  r e p e a t a b i l i t y  measurements were c a r r i e d  o u t  by a chemica l  
t echno log is t  w i t h  one year o f  gas chromatographic exper ience.  Three days were 
r e q u i r e d  f o r  t h i s  i n d i v i d u a l  t o  become f a m i l i a r  w i t h  t h e  o p e r a t i o n  o f  t h e  
instrument and t o  perform the  analyses. Th is  ind ica tes  the  r e l a t i v e  s i m p l i c i t y  of 
t h e  t e c h n i q u e ,  and sugges ts  i t s  s u i t a b i l i t y  f o r  use  i n  r e f i n e r y  c o n t r o l  
labora tor ies .  

The accuracy o f  t h e  method could no t  be determined using ac tua l  samples s i n c e  the 
abso lu te  a romat i cs  c o n t e n t s  were n o t  known. An i n d i c a t i o n  o f  t h e  accuracy ,  
however, was made us ing  known mix tu res  o f  hexadecane and naphthalene i n  CS,. The 
d i f fe rences  between actual  and measured values ranged from 0 t o  1 w t % .  

Comparison t o  t h e  FIA Method 
besp i te  i t s  disadvantages, FIA i s  t he  most widely used standard method i n  t h e  o i l  
industry fo r  aromatics determinat ion.  For t h i s  reason it was used as a b a s i s  f o r  
comparison o f  t h e  present SFC/FID resu l t s .  Th is  comparison i s  shown by the  p l o t  i n  
Figure 4. A l i nea r  regression o f  t h e  data, ind ica ted  by t h e  s o l i d  l i n e  i n  F igu re  
4, y ie lded  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.9018. The 95% conf idence i n t e r v a l  f o r  
t h i s  regress ion  i s  g iven  by t h e  dashed curves .  The c o n s i s t e n t  b i a s  o f  a l l  bu t  
t h ree  o f  t he  po in ts  t o  higher values by SFC/FID (sIope=0.97) probably r e f l e c t s  the 
f a c t  t h a t  t h e  ou tpu t  o f  FIA i s  i n  VOIR whereas t h a t  f o r  SFC/FID i s  i n  wt%.,  Th is  
has a lso  been ind ica ted  i n  the  work o f  Nor r i s  and Rawdon (2). 

There are  two poss ib le  explanations f o r  the  th ree  samples whose po in ts  l i e  ou ts ide  
the  confidence l i m i t s .  F i r s t ,  these samples y ie lded o l e f i n s  values by FIA g rea te r  
t han  3 ~ 0 1 % .  H igh  concen t ra t i on  o f  o l e f i n s  do i n t e r f e r e  w i t h  t h e  s e p a r a t i o n  
between sa tura tes  and aromatics on a s i l i c a  column (17), which might r e s u l t  i n  the 
lower a romat ics  va lues  by SFC. Secondly, two o f  t hese  t h r e e  samples c o n t a i n  
components b o i l i n g  we l l  above 315'C which makes t h e  FIA r e s u l t s  quest ionable f o r  
these samples. 

C l a s s i f i c a t i o n  o f  Aromatics by Number o f  Rings 
f h e  capaci ty f a c t o r  data f o r  t he  s i l i c a  column a t  both 90 and 35'C shown i n  Tab le  
1 i n  general i n d i c a t e  a grouping o f  t h e  aromat ics according t o  number o f  r i n g s .  
The only s i g n i f i c a n t  over lap occurs between t h e  monoaromatics, hexamethylbenzene 
and octahydroanthracene, and t h e  diaromatic compounds. It i s  suspected t h a t  these 
monoaromatics ove r lap  because o f  t h e  la rge  amount o f  p i  e l e c t r o n  d e l o c a l i z a t i o n  
over the r i n g  s t ruc tu res .  For t h e  model compounds considered i n  t h e  present work 
good separat ion i s  obtained between the  diaromatics and polyaromatics. 

S ta t i ona ry  phases o the r  than s i l i c a ,  such as amino-modified s i l i c a ,  have been 
employed t o  separate po l ycyc l i c  aromatic hydrocarbons by HPLC (12,19) and by SFC 
(20). Our SFC data using a ser ies  combination o f  Si/CN s ta t ionary  phases, shown i n  
Tab le  1, i n d i c a t e  m a r g i n a l l y  b e t t e r  separa t i on  between mono- and d i a r o m a t i c s  
compared t o  s i  I i c a  a lone, bu t  poorer saturates-monoaromatics separat ion.  The NH, 
column provides the  best separat ion between mono- and diaromat ics,  b u t  very poor 
saturates-monoaromatics separat ion ( the  k value f o r  C i s  g rea ter  than most  of 
t h e  monoaromatic compounds as  seen f r o m  Tab le  1). E n a l l y ,  w i t h  t h e  s e r i e s  
combination of Si/Ag, t he  separation among aromatic types appears t o  be no b e t t e r  
than the s i l i c a  column. It i s  concluded tha t ,  o f  the  s ta t i ona ry  phases s t u d i e d  i n  
t h e  p r e s e n t  work,  a s i n g l e  s i l i c a  co lumn would be t h e  one p r e f e r r e d  f o r  
quan t i t a t i on  o f  aromatics according t o  number o f  r i ngs .  
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coNcLusIoNs 
A method employing SFC wi th  FID, s im i la r  t o  t h a t  reported by Norr is  and Rawdon f o r  
t h e  a n a l y s i s  o f  g a s o l i n e s  (2), has been developed f o r  t h e  d e t e r m i n a t i o n  of 
aromatics i n  middle d i s t i l l a t e  f u e l s .  Themethod i s  simple, employs r e l a t i v e l y  
inexpensive equipment, g i v e s  good r e p e a t a b i l i t y  and p r o v i d e s  r e s u l t s  which 
c o r r e l a t e  we l l  w i t h  those obta ined by FIA.  The SFC method i s  n o t  a f f e c t e d  by 
sample co lo r ,  appears t o  be app l icab le  t o  samples w i t h  f i n a l  b o i l i n g  p o i n t s  as 
h igh  as 45OOC and should be s u i t a b l e  f o r  use i n  a r e f i n e r y  c o n t r o l  labora tory .  
I n i t i a l  i n d i c a t i o n s  a r e  t h a t  the  de terminat ion  o f  aromat ics accord ing t o  t h e  
number of  r ings  can be accomplished by SFC/FID. 
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TABLE 1 

Comparison o f  Capacity Factors o f  Some Model Compounds Using D i f f e ren t  
Stat ionary Phases* 

Compound 

-- - - - - - - 
Saturates : 

N-pentane 
N-hexane 
3-Methylheptane 
N-decane 
Cyclohexane 
Dimethylcyclohexane 
Hexadecane 
Deca I i n 
E i  cosane (C2J 
Triacontane (C3J 

Benzene 
To I uene 
3-Ethyltoluene 
0-xy I ene 
Indane 
1 -P henydeca ne 
Tetra I i n 
Hexamethylbenzene 
Octahydroanthracene 

Monoaromati cs: 

Diaromatics: 
Naphthalene 
2-Methylnaphthalene 
Thianaphthalene 
Eipheny I 
Acenaphthalene 
B i benzy I 

F I uorene 
Dibenzothiophene 
Anthracene 
Phenanthrene 
Thi anthrene 
Fluoranthene 
Pyrene 
Chrysene 

Pol yaromat i cs  : 

S i  I ica 
goo c ------ 

- 
0.00 
0.02 
0.04 
0.04 
0.05 
0.11 
0.13 
0.18 - 

0.16 
0.19 
0.24 
0.26 
0.33 
0.39 
0.41 
0.69 
0. a0 

0.53 
0.56 
0.56 
0.70 
0.80 
0.92 

1.02 
1.16 
1.22 
1.27 
1.76 
1.82 
1.92 - 

S i  I ica 
35OC ---_-- 

- 
- 

0.00 

0.04 

0.05 
0.04 
0.09 

- 

0.17 
0.17 
0.16 
0.20 
0.25 
0.24 - 
- 
- 

0.37 - 
- - - 
- 

- 
- 
- 

0.85 - - 
- 

1.89 

Si/CN 
35OC ----- 

- 

0.15 

- - - 
0.15 - 
- 

0.27 
0.47 
0.54 

0.41 
0.47 
0.47 
0.44 
0.65 
0.57 

- - 
- 

1.15 

1.78 
- 
- 
- 

* A l l  runs were ca r r i ed  out a t  a pressure o f  3600 psi  
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FIGURE 1 :  SFC chromatograms o f  a middle 
d i s t i l l a t e  sample a t  temperatures o f  90 
and 35 OC using a s i l i c a  column and 
pressure of 3600 ps i .  
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FIGURE 2: SFC chromatograms obtained 
a t  90°C and 3250 psi of a whole middle 
d i s t i l l a t e  sample and of i t s  saturates 
and aromatics fract ions separated by 
co 1 umn chroma tog raphy . 
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FIGURE 3: SFC c a l i b r a t i o n  curves using saturates and aromatics f rac t ions  
separated from middle d i s t i l l a t e s  by column chromatography. 
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FIGURE 4: Comparison o f  aromatics content o f  middle d i s t i l l a t e s  by 
SFC and FIA. 
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THE DEPOLYMERIZATION OF A MODEL COAL POLYMER 
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INTRODUCTION 
While the macromolecular nature of the organic matter of coal has been known for some time 

(l), the manner in which the organic stn~cture is held together has been a focus for a ,much shorter 
time and is still the subject of considerable scrutiny (2.3.4). It has been established that the macro- 
molecular crosslinked structure of coal is the primary reason for its insolubility, but swellability, in 
organic solvents. The nature of the crosslinks, whether of a covalent or lesser type, is not really in 
dispute, but, rather, the relative amounts and importance of the probable interactions. The difficulties 
in establishing a clear concept no doubt lie in the very heterogeneous nature of coal, including the 
presence of trapped or "guest" molecules, and the diversity of coals of widely varying origins and 
ages. 

The most successful approach in attempting to understand the macromolecular structure of coal 
has been the application of techniques and models from the field of polymer science in considering 
coals as cross l ied  polymer networks (3.4). The difficulties of adapting a theoretical approach for 
ideal systems to such a heterogeneous, non-ideal, system as coal, have recently been pointed out (5,6). 
Nevertheless, for a pure polymer system used as a model for coal. the results should provide helpful 
insights into the nature of the thermal degradation of crosslinked polymer networks and coals. 

In this work, a model coal polymer network has been synthesized under conditions of thermal 
liquefaction. The degradation of the macromolecular network and production of soluble products are 
followed as a function of reaction time. 
EXPERIMENTAL 

A crosslinked polymer network was produced using the difunctional monomers a,a'-dichloro- 
xylene and hydroquinone with trihydroxy benzene as the trifunctional crosslinking agent. The polymer 
which was desired was a crosslinked aromatic based polymer in which all of the linkages, including 
the crosslinks, were relatively thermally labile. Thus, the linkages produced in the condensation poly- 
merization of these monomers should all be of the benzyl phenyl ether type, which cleave readily at 
350 C to produce phenolic hydroxyl and aromatic methyl groups when tetralin is used as a solvent 
(7). Figure 1 shows the monomer structures and the steps in the production of the polymer. The 
hydroxyl monomerS were convened to their sodium salts and dissolved in water, while the dichloride 
was dissolved in acetone. These were then mixed and refluxed at atmospheric pressure. for four hours 
to produce an insoluble product. The polymer which was produced was insoluble in all solvents 
tested, including THF and pyridine. Analysis of the polymer included carbon, hydrogen, oxygen, 
sodium and chlorine elemental analyses which were canied out by Huffman Laboratories, and swelling 
analysis. Swelling analyses were carried out in pyridine using the procedm of Larsen et al. (8). 

Once the polymer had been synthesized, degradation experiments were canied out in a micro- 
tubing bomb type reactor. Approximately 0.5 grams of polymer, accurately weighed, was put into the 
reactor with 2.0 grams of teualin. The reactor was then sealed and pressurized with nitmgen gas to 
loo0 peg. The reactor was immersed in a fluidized bed sandbath maintained at 350 f 5 O C. The 
internal reactor temperature reached the steady state temperature within one minute and, at the end of 
the desired reaction time, was removed from the bath and quenched in water for an essentially 
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instantaneous cool down. 
The reactor contents were then removed and a soxhlet extraction with THF was carried out to 

separate soluble and insoluble materials. The THF (and tetralin) was removed from the soluble frac- 
tion by rotary evaporator and the THF removed from the insoluble matter in a vacuum oven. Both 
fractions were weighed and the material balance could be closed to within five percent with a few 
exceptions which were within ten percent. The insoluble material was then subjected to swelling 
analysis and hydroxyl group analysis using the acetylation technique following the procedure of 
Cronauer et al. (9). The soluble material was analyzed by gel permeation chromatography. 
RESULTS 

As mentioned above, it was initially intended that all linkages in the polymer would be of the 
benzyl phenyl ether type. However, the degradation results showed that after significant conversion of 
the initial insoluble polymer to soluble products at short reaction times, an asymptotic limit of a b u t  40 
percent was reached after which no increase in conversion was observed, as can be seen in Figure 2. 
After examining the elemental analysis data and the organic chemistry literature, it appeared that a side 
reaction involving nucleophilic attack of the aromatic rings by the hydroxyl groups was possible. This 
reaction altered the structure of the polymer by including diphenyl ether type structures, which are con- 
siderably more refractory than the benzyl phenyl ethers (7). This additional structure is illustrated in 
Figure 3 by the symbol, T. With this knowledge, the polymer structure could be broken down into the 
groups shown in Figure 3 for purposes of analysis. A sample of the polymer structure is shown in 
Figure 4 with the different structural groups outlined. The quantities of all of these groups could be 
determined by their algebraic relationships with the elemental analyses, including the end group 
analysis provided by the sodium and chlorine analyses. The reduction of the structure into groups 
allowed the determination of the quantities and types of crosslinks present in the polymer structure. 
This knowledge about the crosslinks, with the use of a modified Flory-Rehner (10.3.4) theory, provides 
detailed information about the network. The molecular weight between c r o s s l i i  as well as the size 
of the "loops" in the network may be determined. 

With the appropriate parameters, the initial molecular weight between crosslinks is calculated to 
be 600 for the observed swelling ratio of 1.34. The interaction parameter, x , was determined from the 
correlation of Lucht (1 1) based solely on the carbon content of the material, which was developed for 
coals. This parameter is currently being determined experimentally for this system. Upon degradation, 
the swelling behavior follows the conversion results in that the ratio increases dramatically within the 
first four minutes, and then levels off to an asymptotic limit of about 1.8, as may be seen in Figure 5. 
From the modified Flory-Rehner theory, a molecular weight between crosslinks of 900 is calculated. 
The behavior of both the convexxion and molecular weight between crosslinks is qualitatively quite 
similar to what one might expect of a coal at this temperature. It follows that the more thermally 
labile crosslinks have been cleaved and then stabilized by the donor solvent, causing a significant 
amount of soluble material to be produced. At the same time the network opens up, but there remains 
a substantial amount of insoluble material due to the stability of the more refractory crosslinks. Figure 
6 shows the hydroxyl group concentration of the polymer as a function of reaction time with the 
results as expected for the cleavage of the benzyl phenyl ether linkages at the conversions observed. 

The soluble materials produced show a range of molecular weights from below 300 up to about 
1ooO. Calibration of the GPC was accomplished with model compounds having molecular weights up 
to 532, so the values above that could have some absolute error from the extrapolation. Figure 7 
shows the evolution of the molecular weight distribution with reaction time. The data are normalized 
per gram of initial polymer used so that the area under the curve is proportional to the mass of soluble 
material produced and becomes larger with higher conversions at longer reaction times. As may be 
seen, the general trend is for increased material of all molecular weights to be produced as the reaction 

4 0  



time and conversion increases. However, the lower molecular weight material, below about 300 tends 
to increase more rapidly than the bulk of the m e ,  which may be indicative of continued depolymeri- 
zation within the material which has already become soluble. Also, at the higher molecular weights, 
above about 700, the increase is also larger than for the bulk of the curve, with a pronounced peak 
developing for the two longest reaction times shown. It may be that as more crosslinks are broken, 
larger "pieces" of structures become soluble because of increases in the numbers of hydroxyl and 
methyl groups per "molecular piece", which aid the solubility of such "pieces". 
SUMMARY 

In summary, the goal of this work has been to develop a synthetic macromolecular network 
which may be used as a model for coal networks, and to take advantage of the high degree of charac- 
terization available such that the network may be thermally degraded and nsights into the degradation 
of the networks in coal may be gained. Also, with the increased use of thermosetting polymer net- 
works for materials applications, this knowledge is applicable to the understanding of thermal (or ran- 
dom) degradation and stability of these systems. This experimental work is being conducted in parallel 
with a modeling effort for the degradation of polymer networks. 
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INTRODUCTION 

The treatment of coal with molten caustic is an effective method for cleaning 
coal (1). Molten caustic treatment removes not only mineral matter but most of 
the sulfur, including organic sulfur, from coal. While the chemical processes 
leading to the removal of inorganic sulfur have been examined (2), the mechanism 
of organic sulfur removal is less understood. Coal characterization studies sug- 
gest that the organosulfur moieties in coal may be largely thiophene-type ring 
structures (3-5). A preliminary investigation in this laboratory studied the 
reaction of benzothiophene with sodium and potassium hydroxides (6). Evidence was 
obtained that o-thiocresolates were intermediates in the desulfurization reaction 
(Equation 1). The overall reaction is multistep; the ring opening is a key step, 
since only after conversion to a thiol derivative does desulfurization take place. 
Our findings on the desulfurization of thiols and thiol derivatives will be dis- 
cussed here. 

EXPERIMENTAL 

All reagents were used as purchased from commercially' available sources 
except the thiolate salts, which were prepared as previously described (6). 
Potassium hydroxide contained approximately 10-12 percent moisture, and all other 
salts were anhydrous. An "inert fused salt diluent" (IFSD), consisting of a 
36:55:9 KC1:LiCl:NaCl mixture by mole percent, was also used and had a eutectic 
point of 3460C. The hydroxide mixture used was a 60:40 K0H:NaOH mixture by weight 
(50:50 molar). 

Reactions were conducted in commercially available 1/2-inch tubing unions 
fabricated from corrosion resistant 'Monel, Inconel, or Carpenter-20 alloys. 
Before use, the unions were washed with tetrahydrofuran and methylene chloride in 
order to remove any oils .  One end cap was placed on the union and tightened to 
30 ft lb. The half-assembled reactor was transferred into a nitrogen-purged glove 
box, where it was charged with approximately 0.40 gram of the organic compound 
and, when necessary, 2.40 grams of the powdered hydroxide(s1 or salt mixture. The 
second end cap was placed on the reactor. After removing the reactor from the 
glove box, the second end cap was tightened to 30 ft lb. 

The reactor was bolted in a bracket assembly and immersed in a fluidized sand 
bath that was preheated to the reaction temperature. For most experiments, mixing 
was effected by shaking the reactor assembly using a mechanical wrist action 
shaker. Shaking the reaction vessel had little effect on product distribution. 
After the specified reaction time, the reactor was cooled rapidly by immersion in 
tap water. The reactor was opened while submersed in 50 mL methylene chloride to 
dissoive volatile and neutral organic materials. 

Glass reactors were prepared by sealing one end of a six-inch length of 
heavy-walled Pyrex tubing (12.7-nrm-0.d. x 2.4-mm-i.d.). The tube was placed in 
the glove box and charged with approximately 0.10 gram of organic compound and, 
where appropriate, 0.40 gram of hydroxide(s) or salt mixture. The tube was 
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removed from the glove box, freeze-thaw degassed, and sealed under vacuum while 
the lower portion of the tube remained frozen in liquid nitrogen. After warming 
to room temperature, the ampoule was loaded into a 3/4-inch stainless steel 
reactor tee assembly (7) and pressurized to equalize the pressure buildup antici- 
pated within the glass ampoule at reaction temperatures. The tee assembly was 
then submersed in a preheated fluidized sand bath for the appropriate reaction 
time, removed from the sand bath, and allowed to cool slowly to room temperature. 
The pressure was vented from the tee assembly, and the ampoule removed. The 
ampoule was scored and cracked open while submersed in 50 mL methylene chloride. 

The methylene chloride washings were transferred into a flask containing 
1,2,4,5-tetramethylbenzene as an internal standard for GLC analysis. If the 
reactor contained salts, it was then shaken with 50 mL distilled water containing 
sufficient concentrated HC1 to adjust the acidity of the final solution to pH 3. 
The time required to dissolve the salts completely was generally 10-30 minutes. 
The aqueous solution was decanted into a separatory funnel, where it was extracted 
with two 25-mL portions of methylene chloride. The methylene chloride extracts 
were added to a flask containing an internal standard. Aliquots of the methylene 
chloride solutions were analyzed by CLC. Products were further characterized by 
GC/MS. Where necessary, solutions were subjected to pressure filtration through 
microporous membranes to remove insoluble materials (8). The presence of 
methylene chloride soluble polymers was determined by careful removal of solvent 
and volatile materials in vacuo and weighing the residues. 

RESULTS AND DISCUSSION 

The thermal chemistry of alkyl thiolate salts was first examined at the turn 
of the century (91, and since then little has been done to reveal the mechanisms 
of their decompositions. Most studies involved aliphatic thiolates, and only 
recently has anyone examined alkali metal thiolates (10,ll). In general, thiolate 
salts are known to undergo only one pyrolysis reaction: decomposition at or near 
their melting point to give an organic sulfide and a metal sulfide (Equation 2). 

We chose as our model compounds derivatives of the simplest aromatic thiol, 
thiophenol . ’ Potassium thiophenolate or sodium thiophenolate were heated at 375OC 
for thirty minutes in a metal union in the presence of potassium hydroxide, sodium 
hydroxide, or a mixture of sodium and potassium hydroxides, or the IFSD, or as 
neat samples. The IFSD is molten at 375OC and was used to simulate the ionic 
character of the molten hydroxide media while being chemically inert towards 
organosulfur compounds under these conditions. By comparing the chemistry of 
thiophenolates in molten caustic, or IFSD, or as neat samples, we hoped to deter- 
mine whether the caustic reacted with thiolate to produce a sulfur moiety more 
amenable to desulfurization, thus facilitating bond breaking. 

We have found that, in the absence of a catalyst, neat potassium and sodium 
thiophenolates are stable at 375OC for extended periods of time. When potassium 
thiophenolate or sodium thiophenolate was treated with a molten 60:40 K0H:NaOH 
mixture in a corrosion-resistant union (Equation 3 ) ,  a number of reaction and 
decomposition products were observed. Some starting material was recovered as 
thiophenol, and small quantities of phenyl sulfide were obtained. Significant 
quantities Of the desulfurization product, benzene, were observed, but also some 
biphenyl was obtained. A number of minor products (accounting for less than 28% 
of the material recovered) were also observed. Methylene chloride insoluble 
materials .that appeared as black solids were sometimes observed. Reactions con- 
ducted in the presence of hydrogen led to increased yields o f  benzene and lower 
yields of black solids (6). These observatlons lead us to believe that phenyl 
radicals are intermediates in these reactions, and that the black solids were 
being formed by uncontrolled polymerization of some radical species. In some 
cases, some methylene chloride soluble materials had insufficient volatility to be 
observed by CLC. These were assumed to be oligomeric materials. Products con- 
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taining hydroxyl groups (phenol) or severa l  su l fhydry l  groups were sometimes 
observed, but genera l ly  these products were i n s i g n i f i c a n t .  The y ie lds  of  desu l -  
furized product from t h e  reac t ion  of sodium thiophenolate  i n  sodium hydroxide or 
potassium hydroxide (12%-16%) were lower than  t h e  y i e l d s  from the  reac t ion  Of 
potassium thiophenolate  i n  sodium or potassium hydroxide (30%-40%). 

When reac t ions  were conducted i n  t h e  same reac tors  using IFSD as a r e a c t i o n  
medium, a s i g n i f i c a n t  d i f fe rence  i n  t h e  chemistry of sodium thiophenolate  versus  
potassium thiophenolate  was observed. In  t h e  IFSD, d i a r y l  s u l f i d e  formation com- 
petes with desu l fur iza t ion .  Phenyl s u l f i d e  was the  only  product observed when 
sodium thiophenolate  decomposed in  IFSD. Potassium thiophenolate  decomposed i n  
IFSD t o  produce t h e  desu l fur ized  product benzene, although a small amount Of 
phenyl s u l f i d e  was a l s o  produced. 

During the  course of these s t u d i e s ,  incons is ten t  r e s u l t s  led  us  t o  observe 
careful ly  the product  d i s t r i b u t i o n s  in  t h e  d i f f e r e n t  reac tor  vessels .  Potassium 
thiophenolate was heated a t  375% f o r  30 minutes as a n e a t  sample or i n  IFSD us ing  
new, "pr i s t ine"  r e a c t o r s .  When these  reac t ions  were conducted i n  p r i s t i n e  Inconel  
or Carpenter-20 r e a c t o r s ,  no desul fur iza t ion  took place (Equation 4 ) .  Desulfur i -  
zation was observed i n  experiments conducted i n  p r i s t i n e  Monel reac tors .  The 
reactors  were then  pre t rea ted  with molten c a u s t i c .  Potassium thiophenolate was 
then reacted i n  t h e s e  same reac tors ,  and desul fur iza t ion  products were observed i n  
a l l  cases  (Equation 5 ) .  No s i g n i f i c a n t  increase in  desu l fur iza t ion  was observed 
i n  experiments conducted i n  pre t rea ted  Monel reac tors .  Clear ly ,  the metal walls 
of  these reac tors  were a c t i n g  as c a t a l y s t s  i n  t h e  desu l fur iza t ion  mechanism o r  as 
reactants  tha t  were causing desul fur iza t ion .  For Inconel and Carpenter-20 a l l o y s ,  
molten caus t ic  was necessary t o  "act ivate"  the metal sur face .  

In order t o  examine the c a t a l y t i c  e f f e c t  of t h e  metal species  i n  t h e s e  
reactors ,  a l i m i t e d  systematic  s tudy was undertaken. The a l l o y s  from which t h e s e  
reactors  were f a b r i c a t e d  c o n s i s t s  mainly of  n icke l ,  wi th  individual  a l l o y s  con- 
taining s i g n i f i c a n t  q u a n t i t i e s  o f  i ron,  copper, or chromium along with t r a c e s  o f  
manganese and o t h e r  metals. Reactions were conducted i n  sealed g l a s s  ampoules to 
observe the  chemistry of  thiophenolates  i n  t h e  absence o f  any metals. In sub- 
sequent react ions,  individual  metals were added to  s e e  i f  they e f f e c t  desu l fur iza-  
t ion.  As expected, potassium thiophenolate  is unreac t ive  in  t h e  absence of any 
other reagents. Again, i n  the  presence of  IFSD, potassium thiophenolate provides  
phenyl su l f ide  as the  major product. Some s t a r t i n g  mater ia l  was recovered. 
Reaction of  potassium thiophenolate  i n  the  presence o f  caus t ic  did not  lead to  
desulfur izat ion.  In t h e  presence o f  n i c k l e  powder or Monel shavings, with or 
without fused salts, s i g n i f i c a n t  q u a n t i t i e s  of desu l fur iza t ion  products (benzene 
and biphenyl) are obtained.  Potassium thiophenolate  i n  the  presence o f  IFSD and 
iron powder does n o t  undergo desul fur iza t ion .  

In an e f f o r t  t o  understand f u r t h e r  t h e  carbon-sulfur bond breaking processes ,  
the  chemistry o f  thiophenol  and diphenyl d i s u l f i d e  was examined. The pyro lys i s  o f  
aromatic t h i o l s  h a s  not been s tudied  as extensively as t h a t  of  a l i p h a t i c  t h i o l s .  
When aromatic t h i o l s  or d i s u l f i d e s  are heated, t h e  major products are d i a r y l  
su l f ides  (12) .  There are severa l  papers  t h a t  repor t  desu l fur iza t ion  products  
a r i s ing  from p y r o l y s i s  of  thiophenol at very high temperatures (70OOC) or 
pyrolysis over c a t a l y s t s  a t  moderately high temperatures (30Oo-58O0C) (13-15). 
Flow pyrolysis  of diphenyl d i s u l f i d e  of 4OO0C y i e l d s  thiophenol and diphenyl  
su l f ide  (16) .  

Our s t u d i e s  show t h a t  a t  375OC, i n  t h e  absence o f  any c a t a l y t i c  s p e c i e s ,  
thiophenol and d iphenyld isu l f ide  decompose t o  phenyl su l f ide .  When heated i n  t h e  
presence of an active c a t a l y s t  (Monel shavings, n i c k e l  or copper powder), 
thiophenol or diphenyl  d i s u l f i d e  gives  phenyl s u l f i d e  as I t s  major product, b u t  
desulfur izat ion products  (benzene and biphenyl) are also observed. 
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We have observed that naphthalene thiols undergo desulfurization more readily 
than thiophenol. This is in agreement with observations reported in the litera- 
ture (15). 

CONCLUSIONS 

In the presence of fused salts, an increase in the reactivity of thiolate 
salts is observed perhaps because the fused Salts function as solvents, and 
increase the probability of bimolecular reactions. Bimolecular reaction giving 
rise to organosulfur species more resistant to desulfurization compete with 
desulfurization, but in coal, because of the more rigid organic matrix, it is not 
likely to be a problem. 

Caustic is not necessary for desulfurization of thiol derivatives, although 
it may enhance it. An increase in desulfurization in the presence of caustic may 
be due to suppression of competing bimolecular reactions or some chemical process 
that actually speeds the 'desulfurization reaction. We do not have sufficient 
evidence to support these or other possible explanations. The desulfurization of 
aromatic thiols and their derivatives requires a catalyst. One of the species 
that catalyze these reactions is nickel, but other metals or alloys may also 
catalyze the desulfurization. In some cases, molten caustic is required to 
"activate" the catalyst. Additional studies concerning the nature of this 
catalysis and other possible catalytic species are under way. The chemistries of 
different aromatic thiols are similar, but changes in the aromatic structure 
influence their reactivity. 
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ABSTRACT 

We d e s c r i b e  a s tudy  on t h e  formation of  s i l i c a  p a r t i c l e s  i n  a 
counterf low d i f f u s i o n  f lame.  Th i s  flame is gene ra t ed  i n  t h e  impinge- 
ment r eg ion  of a f u e l  (H2+N2) and an ox idan t  ( O z + N z )  g a s  streams. 
SiHr was used as t h e  p r e c u r s o r  f o r  t h e  fo rma t ion  of  SiO2. I t  was f e d  
i n t o  t h e  f u e l  gas  stream. Chemical r e a c t i o n  l e a d i n g  t o  t h e  fo rma t ion  
of S i 0 2 ,  n u c l e a t i o n  of p a r t i c l e s ,  and t h e i r  i n i t i a l  growth a l l  occur  
upstream of t h e  f lame.  For a s u f f i c i e n t l y  high t empera tu re  f l ame ,  
aggrega te s  formed upstream f u s e  t o  form s i n g l e ,  s p h e r i c a l  p a r t i c l e s  
as they p a s s  through t h e  flame zone. However, f o r  a low t empera tu re  
flame, aggrega te s  remain ( o r  p a r t i a l l y  fuse).  as t h e y  p a s s  through t h e  
flame zone. Samples of p a r t i c l e s  were c o l l e c t e d  a t  t h e  e x i t s  of t h e  
bu rne r .  P a r t i c l e  s i z e ,  shape,  c r y s t a l l i n e  s t r u c t u r e ,  and chemical  
composition were analyzed.  These r e s u l t s  w i l l  b e  p re sen ted .  

INTRODUCTION 

The formation of  p a r t i c l e s  i n  combustion i s  a problem of consid-  
e r a b l e  importance i n  many i n d u s t r i a l  p r o c e s s e s .  I n  c o a l  combustion 
and g a s i f i c a t i o n  p r o c e s s e s ,  formation of p a r t i c l e s  creates a s e r i o u s  
problem of a i r  p o l l u t i o n .  On t h e  o t h e r  hand, formation of p a r t i c l e s  
i n  combustion f lames p rov ides  a u s e f u l  technology f o r  t h e  manufacture  
of many ox ide  powders. 

In t h e  manufacture of powders u s i n g  f lame technology,  t h e  forma- 
t i o n  of p a r t i c l e s  i nvo lves  t h e  fo l lowing  p r o c e s s e s :  ( 1 )  The vapor of  
t h e  d e s i r e d  material ( e . g . ,  S i 0 2 )  is  gene ra t ed  i n  t h e  f lame by oxida-  
t i o n  of t h e  p recu r so r  compounds ( e . g . ,  SiHh) which is f e d  i n t o  t h e  
flame. ( 2 )  The vapor  ( i n  a s u p e r s a t u r a t e d  s t a t e )  n u c l e a t e s  and forms 
i n i t i a l  p a r t i c l e s .  ( 3 )  The i n i t i a l  p a r t i c l e s  grow t o  f o r m t h e  d e s i r e d  
powder. Since t h e s e  p r o c e s s e s  a l l  occur  i n  t h e  f lame,  t h e  p r o p e r t i e s  
of t h e  powder are g r e a t l y  in f luenced  by  t h e  s t r u c t u r e  of t h e  f lame.  
The s t r u c t u r e  of t h e  f lame is i n  term determined by t h e  c o n s t r u c t i o n  
of t h e  bu rne r .  The des ign  of t h e  b u r n e r  is t h e r e f o r e  a key element 
i n  t h e  flame technology f o r  t h e  s y n t h e s i s  of powders. 

designed by Shyan-Lung Chung and Joseph L.  Katz [1,21 t o  s t u d y  t h e  
formation of SiOo p a r t i c l e s .  A main purpose of t h e  r e sea rch  is t o  
i n v e s t i g a t e  t h e  i n f l u e n c e  of t h e  bu rne r  des ign  and t h e  o p e r a t i n g  con- 
d i t i o n s  (e .e ; . ,  t empera tu re ,  c o n c e n t r a t i o n ,  and g a s  flow p a t h s )  on t h e  
p r o p e r t i e s  of t h e  p a r t i c l e s .  

In ou r  l a b o r a t o r y ,  w e  u s e  t h e  coun te r f low d i f f u s i o n  f lame burne r  

DESCRIPTION OF EXPERIMENT 

A .  Burner ,  Gases and Flame 
A S  shown i n  F i g .  1, t h e  bu rne r  c o n s i s t s o f t w o  v e r t i c a l l y  opposed 

tubes  of r e c t a n g u l a r  cross s e c t i o n .  The ox idan t  ( 0 2  d i l u t e d  w i t h  Nz) 
floWdpwnWard from t h e  upper t u b e ,  and t h e  f u e l  ( H P  d i l u t e d  wi th  N P )  
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flows upward from t h e  lower t u b e .  The t w o  gas streams meet n e a r  t h e  
middle and then  f l o w  outward. Each t u b e  c o n t a i n s  t h r e e  channels  
( sepa ra t ed  by 0 .08 mm t h i c k n e s s  s t a i n l e s s  s teel  p l a t e s ) :  a c e n t r a l  
m a i n  channel (12 .70  nun x 63.50 m)  and two s i d e  channels  (12.70 nnn 
x 6.35 mm).  Fused s i l i c a  p l a t e s ,  f i t t e d  t o  t h e  o u t s i d e  of t h e  two 
s ide channe l s ,  f o r c e  t h e  combustion g a s e s  t o  f low o u t  a long t h e  long  
s ides .  Each of  t h e  bu rne r  t u b e s  was des igned  t o  o b t a i n  a uniform 
flow of g a s  a c r o s s  i ts  mouth by passage  of  t h e  gases  through a per- 
f o r a t e d  p l a t e ,  a bed of g l a s s  beads (1 .0  mm d i a m e t e r ) ,  and two s t a in -  
less steel w i r e  s c r e e n s .  T o  compensate f o r  h e a t  losses from t h e  
s i d e s  with f u s e d  s i l i c a  windows, t h e  o x i d a n t  and f u e l  streams i n  t h e  
s i d e  channels  are e n r i c h e d  i n  0 2  and Hz, r e s p e c t i v e l y ,  t o  p r e c i s e l y  
the  e x t e n t  r e q u i r e d  t o  o b t a i n  a t empera tu re  d i s t r i b u t i o n  which is 
uniform i n  t h e . d i r e c t i o n  normal t o  t h e  two f u s e d  s i l ica  windows(i .e . ,  
t h e  X-d i r ec t ion ;  t h e  X ,  Y ,  and Z d i r e c t i o n s  are shown i n  Fig.  1). 
To prevent  d e p o s i t i o n  of p a r t i c l e s  on t h e  f u s e d  s i l i c a  windows, no 
precursor  compounds ( i . e . ,  SiHs i n  t h i s  r e s e a r c h )  is added t o  t h e  
mixtures  which are  f e d  t o  t h e  s i d e  channe l s .  Flanges f i t t e d  on each 
s i d e  of t h e  b u r n e r  openings minimize en t r a inmen t  of  surrounding a i r  
and keep t h e  outward gas  f low p a r a l l e l  t o  t h e  bu rne r  s u r f a c e s .  The 
d i s t ance  between t h e  two b u r n e r  mouths is a d j u s t a b l e  b u t  has  been 
kept a t  1 5  mm i n  a l l  t h e  experiments  p r e s e n t e d  h e r e .  

above is t h e  same as t h a t  designed by Chung and Katz [1,21. However, 
i n  o rde r  t o  s t u d y  t h e  fo rma t ion  of p a r t i c l e s ,  we have made some 
mod i f i ca t ions .  F i r s t ,  t h e  main channel  f o r  t h e  f u e l  g a s  stream w a s  
divided i n t o  t h r e e  s l o t s  i n  t h e  Y d i r e c t i o n  u s i n g  0 . 2  mm th i ckness  
s t a i n l e s s  s teel  p l a t e s .  S i l a n e  can b e  added t o  e i t h e r  t h e  c e n t r a l  
s l o t  o r  t h e  s i d e  slots t o  s tudy  t h e  e f f e c t  of d i f f e r e n t  f low pa ths  
on t h e  p r o p e r t i e s  of  t h e  gene ra t ed  p a r t i c l e s .  (Note t h a t  t h e  d iv id -  
ing p l a t e s  are removable.  I n  some of t h e  expe r imen t s ,  t h e  undivided 
channel w a s  u s e d . )  Second, n i t r o g e n  w a s  added t o  t h e  combustion 
gases  a t  t h e  b u r n e r  e x i t s  through t e n  s m a l l  h o l e s  on each f l a n g e .  7.' 

This is bo th  t o  d i l u t e  t h e  p a r t i c l e s  and t o  quench t h e  e f f l u e n t  com- 
bus t ion  g a s e s  s o  t h a t  growth of p a r t i c l e s  can be c e a s e d a t t h e  bu rne r  
e x i t s  where samples  of p a r t i c l e s  are t a k e n .  

of 99%. A mix tu re  o f  10% semiconductor g r a d e  s i l a n e  an'd 90% U.H.P. 
grade H P  (99.999% p u r i t y )  w a s  used as t h e  s i l a n e  sou rce .  Each gas  
flows through a f i l t e r  ( s i n t e r e d  b r a s s  f i l t e r  with 0.5 urn pore  s i z e )  
f o r  t h e  removal of  p r e e x i s r i n g  p a r t i c l e s .  The gas  f low rates were 
con t ro l l ed  and measured t o  aLouc 1% accuracy u s i n g  c a l i b r a t e d  
rotameters. 

The b u r n e r  prqduces a flame which is f l a t ,  s t a b l e ,  and r ec t an -  
g u l a r  i n  shape  [1,2j. Both temperature  and c o n c e n t r a t i o n  d i s t r i b u -  
t i o n s  are uniform i n  t h e  h o r i z o n t a l  p l a n e  ( i . e . ,  X-Y p l a n e )  I21. 
Formation o f  condensing s p e c i e s  ( e . g . ,  SiOz) ,  n u c l e a t i o n o f  p a r t i c l e s  
and t h e i r i n i t i a l  growth a l l  occur  upstream of -ihe f lame,  Khe1-e the  
gas flow is a lmos t  one-dimensional ( i . e . ,  Z d i r e c t i o n ) .  These char- 
acter is t ics  of the flame o f f e r  g r e a t  advan tages  f o r  t h e  s tudy of t h e  
formation of  p a r t i c l e s .  
B. Temperature Measurement 

thermocouples t o  measure t empera tu res .  The the raocoup le  wires =ere 
coated wi th  s i l i c a  t o  e l i m i n a t e  c a t a l y t i c  e f f e c t .  The temperatures  
thus ob ta ined  were c o r r e c t e d  f o r  r a d i a t i o n  lo s s .  
C .  Sampling and Ana lys i s  

The major p a r t  of t h e  c o n s t r u c t i o n  of  t h e  bu rne r  as descr ibed 

The N P ,  H P ,  and 0 2  g a s e s  used a l l  have t h e  r epor t ed  p u r i t i e s  

We used 0.05 m~ d iame te r  plat inum and p la t inum -10% rhodi;;c; 

P a r t i c l e s  were c o l l e c t e d  a t  t h e  bu rne r  e x i t s  u s i n g  g l a s s  f i b e r  
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f i l t e rs .  The c r y s t a l l i n e  s t r u c t u r e  o f  t h e  powder w a s  examined u s i n g  
an X-ray d i f f r a c t o m e t e r  (XRD). The chemical  composi t ion w a s  ana lyzed  
us ing  an energy d i s p e r s i v e  spec t romete r  (EDS). P a r t i c l e  s i z e  and 
shape were examined u s i n g  an t r a n s m i s s i o n  electron micrograph (TEK). 
To p repa re  samples  f o r  TEN examina t ions ,  p a r t i c l e s  were d i s p e r s e d  
u l t r a s o n i c a l l y  i n  e t h y l  a l c o h o l .  A drop  of t h i s  d i s p e r s i o n  was 
placed on t h e  TEM g r i d ,  and al lowed it t o  d r y .  

RESULTS AND DISCUSSION 

We d e s c r i b e  t h e  r e s u l t s  of  t h r e e  experiments  i n  t h e  fo l lowing .  
These t h r e e  experiments  were c a r r i e d  o u t  u s i n g  t h e  same H 2 - 0 2  f l ame ,  
i . e . ,  t h e  gas f low r a t e s ,  and t h e  c o n c e n t r a t i o n s  of  hydrogen and 
oxygen were a l l  kep t  c o n s t a n t .  The gas  f low rates are l i s t e d  i n  
Table 1. I n  experiment  one,  t h e  main channel  f o r  t h e  f u e l  gas  stream 
was not d iv ided .  In experiment two and t h r e e ,  t h i s  channel  w a s  
equa l ly  d i v i d e d  i n t o  t h r e e  s l o t s .  S ince  t h e  d i v i d i n g  p l a t e s  are ve ry  
t h i n  (0 .  l m m ) ,  t h e i r  e f f e c t  on t h e  f lame is small .  
Table  1. Fuel Ox id ize r  

H 2  Nz 0 2  N 2  

Main channel  2260 1270 1600 1210 (cm3/min) 
S i d e  channel  700 0 525 0 (cm3/min) 

In experiment  o n e ,  t h e  s i l a n e  f low rate  was 20 cm3/min, which 
was equal  t o  0.56% of t h e  t o t a l  f u e l  gases .  In experiment two, 
s i l a n e  w a s  added on ly  t o  t h e  t w o  s i d e  s l o t s .  I ts  f low rate w a s  13 .3  
cm3/min.  
s l o t  a t  a f low rate  of  6 . 7  cm'/min. 
t i o n s  i n  t h e s e  t w o  experiments  were t h e  same as t h a t  used i n  e x p e r i -  
ment one,  i . e . ,  0.56% of  t h e  f u e l  g a s e s . )  The f low rate  o f  t h e  n i -  
t rogen used f o r  quenching at  t h e  b u r n e r  e x i t s  w a s  2200 cm3/min, 
which dec reased  t h e  t empera tu re  of t h e  e f f l u e n t  gases  by about  200°C. 

p e r a t u r e s  above 2000 K, our  t empera tu re  measurement w a s  l i m i t e d  t o  
t h e  r e g i o n s  o u t s i d e  t h e  flame zone,  where t h e  t empera tu res  were below 
2000 K. A s  mentioned p r e v i o u s l y ,  t h e  major c o n s t r u c t i o n  o f  t h e  
burner  is t h e  same as t h a t  used by Cbung and Katz [ l ] .  The gas  f low 
r a t e s ,  and t h e  c o n c e n t r a t i o n s  of hydrogen and oxygen w e  used w e r e  also 
t h e  same as t h o s e  r e p o r t e d  by C h u g  and Katz i n  one of  t h e i r  e x p e r i -  
mentS[1,21. 
with t h e i r s  and found them t o  be  i n  e x c e l l e n t  agreement.  We rep ro -  
duced t h e i r  t empera tu re  p r o f i l e  and showed it i n  f i g u r e  2 .  
A .  Experiment One 

Examination of t h e  Si0,powder c o l l e c t e d  i n  t h i s  experiment  u s i n g  
an XRD shows t h a t  it is amorphous i n  s t r u c t u r e .  Composition a n a l y s i s  
by EDS i n d i c a t e s  t h a t  t h e  powder i s  composed of 99.6% Si02 and 0.4% 
Sn02. In p r e p a r i n g  samples f o r  EDS a n a l y s i s ,  t h e  powder w a s  f i x e d  on 
t h e  s u p p o r t i n g  aluminum b locks  us ing  g lue  c o n t a i n i n g  s i l v e r  . Since  
Ag and Sn have ove r l apped  s i g n a l s ,  t h e  s i g n a l  a t t r i b u t e d  t o  Sn may be  
from Ag. F u r t h e r  a n a l y s i s  is r e q u i r e d  t o  r e s o l v e  t h i s  confus ion .  

F igu re  3 shows t h r e e  TEM micrographs of t h e  powder. The powder 
can be d i v i d e d  i n t o  two typeso f  p a r t i c l e s .  
very Small  p a r t i c l e s ,  which are approximately 0.02 pm i n  d i ame te r .  
The o t h e r  i s  composed of l a r g e r ,  s p h e r i c a l  p a r t i c l e s  whose d i ame te r s  
a r e  approximately 0 . 1  pm. Some of t h e s e  p a r t i c l e s  form a g g r e g a t e s  
( t y p i c a l l y  two t o  f i v e  t o g e t h e r ) .  However, some o f  them e x i s t  as 
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In  experiment  t h r e e  s i l a n e  w a s  added only t o  t h e  c e n t r a l  
(Note t h a t  t h e  s i l a n e  concen t r a -  

Because t h e  P t  and Pt-10% FUI thermocouples can no t  measure t e m -  

We compared ou r  thermocouple t empera tu re  measurements 

One is a g g r e g a t e s  of 



s i n g l e  p a r t i c l e s .  ( I t  shou ld  b e  no ted  t h a t  s i n g l e , s p h e r i c a l  p a r t i -  
cles have n o t  been found i n  t h e  pub l i shed  s t u d i e s  on t h e  formation 
of s i l i c a  p a r t i c l e s ,  u s i n g  premixed f l ames  [3,4].) 

As i l l u s t r a t e d  i n  F i g .  4 ,  w e  proposed a growth mechanism f o r  t h e  
formation o f  t h e  t w o  t y p e s  of s i l i c a  p a r t i c l e s  i n  t h e  counterf low 
d i f f u s i o n  f l ame .  As t h e  f u e l  gases  f low o u t  of t h e  lower p a r t  of t h e  
burner ,  s i l a n e  is o x i d i z e d  t o  g e n e r a t e  SiO, vapor .  The S i 0 2  vapor 
( i n  a s u p e r s a t u r a t e d  s t a t e )  then n u c l e a t e s  and a l a r g e  number^ of 
small p a r t i c l e s  are produced. These i n i t i a l l y  formed p a r t i c l e s  can 
grow b y  e i t h e r  vapor  d e p o s i t i o n  o r  a g g r e g a t i o n ,  o r  bo th .  In t h e  cen- 
tral p a r t  of  t h e  f u e l  gas  s t r eam,  p a r t i c l e s  f low through t h e  high- 
temperature  f lame zone.  The p rev ious ly  formed aggrega te s  f u s e  t o  form 
s p h e r i c a l  p a r t i c l e s  as t h e y  p a s s  t h rough  t h e  flame zone. T h i s  pro- 
cess ( a s  i n d i c a t e d  by mechanism ( a )  i n  F i g .  4 )  may exp la in  t h e  
formation o f  t h e  l a r g e r ,  s p h e r i c a l  p a r t i c l e s  found i n  t h i s  experiment  
In t h e  o u t e r  p a r t  of t h e  f u e l  stream, p a r t i c l e s  do not  p a s s  through 
t h e  h igh - t empera tu re  f lame zone. The p r e v i o u s l y  formed aggrega te s  do 
not  f u s e  t o  form s p h e r i c a l  p a r t i c l e s  b u t  remain a s  aggrega te s .  Fur- 
t h e r  formation o f  a g g r e g a t e s  (o r  agg lomera te s )  may occur  due t o  
i n t e r p a r t i c l e  c o l l i s i o n s  as t h e  p a r t i c l e s  flow o u t  of t h e  bu rne r .  
This  p r o c e s s  ( a s  i n d i c a t e d  by mechanism ( b )  i n  F i g .  4 )  may exp la in  
t h e  formation of t h e  agg rega te s  of  s m a l l  p a r t i c l e s  found i n  t h i s  
experiment.  
B. Experiment Two 

ment show t h a t  a l l  t h e  p a r t i c l e s  are a g g r e g a t e s  of  s m a l l  p a r t i c l e s  
(approximately 0 .02  pm i n  d i ame te r )  and t h a t  t h e r e  is no l a r g e r ,  
s p h e r i c a l  p a r t i c l e s .  ( s e e  Fig.  5) Since s i l ane  was added t o  t h e  s i d e  
s l o t s ,  p a r t i c l e s  may form by mechanism ( b )  as  shown i n  F ig .4 .  (There- 
f o r e ,  a l l  t h e  p a r t i c l e s  are aggrega te s  and no l a r g e r ,  s p h e r i c a l  par-  
t i c l e s  are fo rmed . )  
C .  Experiment Three 

The p a r t i c l e s  c o l l e c t e d  i n  t h i s  experiment a l s o  c o n s i s t  o f  two 
types  of  morphology as found i n  experiment one.  However, t h e r e  a r e  
more l a r g e r ,  s p h e r i c a l  p a r t i c l e s  and less aggrega te s  of small p a r t i -  
cles as compared w i t h  t h o s e  ob ta ined  i n  experiment one. (See t h e  
TEM micrographs i n  F i g .  6 )  S ince  s i l a n e  w a s  added t o  t h e  c e n t r a l  
s l o t ,  most p a r t i c l e s  may form by mechanism ( a ) ,  t h u s  l e a d i n g  t o  t h e  
formation of  more l a r g e r ,  s p h e r i c a l  p a r t i c l e s .  However, some p a r t i -  
cles i n  t h e  o u t e r  p a r t  of t h e  stream may form by mechanism ( b ) ,  t h u s  
l ead ing  t o  t h e  formation of  aggrega te s .  

CONCLUSION 

The TEhl micrographs of t h e  p a r t i c l e s  c o l l e c t e d  i n  t h i s  expe r i -  

Some c o n c l u s i o n s  may be  drawn from t h e  experiments  desc r ibed  
above: (1) h igh  p u r i t y  and submicron s i l i c a  p a r t i c l e s  can b e  gen- 
e r a t e d  u s i n g  t h e  coun te r f low d i f f u s i o n  flame b u r n e r ;  ( 2 )  t h e  o r i g i n a l  
form of t h e  b u r n e r  produces t w o  t y p e s  of  p a r t i c l e s ;  ( 3 )  o u r  modifica- 
t iOn of t h e  b u r n e r  o f f e r s  t h e  p o s s i b i l i t y  f o r  t h e  c o n t r o l  o f  t h e  mor- 
phology of  t h e  p a r t j c l e s ;  (4) t h e  proposed mechanism seeins t o  e x p l a i n  
t h e  formation of s i l i c a  p a r t i c l e s  i n  t h e  f lame.  
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Fig.  1 The coun te r  flow d i f f u s i o n  flame burne r .  
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Fig. 3 TEM photographs of Si02 sample. 
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Fig.  5 TEM photograph of Si02 sample. 
21,000~ 0.4 urn 
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Fig .  6 TEM photographs of Si0,z sample. 
48,000~ ,0.2 urn. 
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ABSTRACT 

C a t a l y t i c  hyd rop rocessed  s h a l e  o i l  j e t  f u e l s  i n  t h e  USA were 
c h a r a c t e r i z e d  and compared w i t h  p e t r o l e u m  j e t  f u e l  t o  demons t ra te  t h e i r  
p o s s i b i l i t y  as a c o n v e n t i o n a l  j e t  f u e l  s u b s t i t u t e .  The s h a l e  o i l s  
( b e o k i n e t i c s ,  O c c i d e n t a l .  Paraho and Tosco 1 1 )  were h y d r o t r e a t e d  i n  a 
U.UbU8m IO by K1.524m l o n g  r e a c t o r  c o n t a i n i n g  Ni/Mo/AlpO catalyst. The 
f r a c t i o n a t e d  hydrogenated s h a l e  o i l s  a t  j e t  f u e l  ranges q120-30U C) Were 
analyzed f o r  c o m p o s i t i o n  and p h y s i c a l  p r o p e r t i e s .  The i n c r e a s i n g  
h y d r o p r o c e s s i n g  s e v e r i t y  p r o p o r t i o n a l l y  decreased n i t r o g e n ,  s u l f u r ,  
o l e f i n s ,  a r o m a t i c s  and i n c r e a s e d  hydrogen c o n t e n t .  The n i t r o g e n  c o n t e n t  
was c o n s i d e r a b l y  h i g h e r  even a t  h i g h  s e v e r i t y  c o n d i t i o n s .  S u l f u r  and 
o l e f i n  c o n t e n t s  were l o w e r  a t  a l l  s e v e r i t i e s .  The h e a t  o f  combus t ion  
and t h e  p h y s i c a l  p r o p e r t i e s .  except  t h e  f r e e z i n g  p o i n t .  were comparable 
t o  p e t r o l e u m  j e t  f u e l s .  The y i e l d s  of  j e t  f u e l s  i n c r e a s e d  
p r o p o r t i o n a l l y  t o  i n c r e a s e d  s e v e r i t y .  The s tudy  showed t h a t  h i g h  
s e v e r i t y  h y d r o p r o c e s s i n g  gave b e t t e r  per formance i n  p r o c e s s i n g  s h a l e  
o i l s  t o  j e t  f u e l s .  

I NTROOUCT I O N  

Shale o i l  j e t  f u e l s  c o n t a i n  c o n s i d e r a b l y  h i g h e r  n i t r o g e n  l e v e l s  
t h a n  p e t r o l e u m  j e t  t u e l s .  These sha le  o i l - d e r i v e d  j e t  f u e l s  cannot  be 
processed i n  a r e f i n e r y  s i m i l a r  t o  t h a t  used t o  o b t a i n  p e t r o l e u m  J e t  
f u e l  because t h e  h i g h  n i t r o g e n  c o n t e n t  c o u l d  p o i s o n  t h e  r e f i n e r y  
c a t a l y s t .  N i t r o g e n  c o n t e n t  g r e a t e r  t h a n  5 ppm decreases f u e l  o i l  
t he rma l  s t a b i l i t y  and i n c r e a s e s  n i t r o g e n  o x i d e  emiss ions  d u r i n g  j e t  f u e l  
combusti  on. 

The p r e s e n t  p rob lem i s  t o  o b t a i n  a n i t r o g e n  l e v e l  f o r  j e t  f u e l  i n  
t h e  range o f  1-5 ppm. High s e v e r l t y  h y d r o d e n i t r i f i c a t i o n  f o r  t h e  
r e d u c t i o n  o f  n i t r o g e n  c o n t e n t  i s  no t  c o s t  e f t e c t i v e .  The c rude  j e t  
f u e l  c u t  can be c h e m i c a l l y  t r e a t e d  t o  l o w e r  t h e  n i t r o g e n  l e v e l  t o  an 
accep tab le  upper  l i m i t .  Hyd rogena t ion  o f  s h a l e  o i l  f r a c t i o n s  a t  l ow  
s e v e r i t y .  p r i o r  t o  one o f  t h e  cnemical  t r e a t m e n t s  [ I ]  ( a c i d  washing, use 
o f  an hydrous a c i d ,  i o n  exchange r e s i n s ,  use o f  s o l v e n t s ,  p e r c o l a t i o n  
ove r  c l a y s  and a c i d  abso rban ts ,  p a r t i a l  o x i d a t i o n )  has been shown t o  
s u b s t a n t i a l l y  l ower  t h e  c o s t  o f  p r o d u c i n g  j e t  f u e l  compared t o  seve re  
c a t a l y t i c  hyd rogena t ion .  Th is  h y d r o g e n a t i o n  o p e r a t i o n  a l s o  reduces t h e  
n i t r o g e n  l e v e l  t o  an a c c e p t a b l e  l e v e l  (1-5 ppm). An i n c r e a s e  o f  
t empera tu re  c21  and p r e s s u r e  [3 ]  p r o p o r t i o n a l l y  i n c r e a s e  t h e  
hyd rop rocess ing  s e v e r i t y ,  which f a c i l i t a t e s  t h e  removal o f  n i t r o g e n ,  
s u l f u r  and oxygen and t h e  a d d i t i o n  o f  hydrogen. 

I n  t h e  p r e s e n t  work, sha le  o i l  h y d r o p r o c e s s i n g  was pe r fo rmed  a t  
low, medium and h i g h  hyd rop rocesss ing  s e v e r i t i e s .  The h y d r o p r o c e s s i n g  
s e v e r i t y  was changed p r i m a r i l y  by v a r y i n g  t h e  tempera tu re .  P r o d u c t i o n  
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O f  sha le  o i l  (Tab le  I )  h y d r o p r o c e s s i n g  and d i s t i l l a t i o n  o f  t h e  
hydroprocessed p r o d u c t  was c a r r i e d  o u t  a t  NASA's Lewis Research C e n t e r  
bench-scale h y d r o p r o c e s s i n g  f a c i l i t y .  The p rocess  f l o w  d iag ram ( F i g u r e  
1 )  shows t h e  J e t  f u e l  p r e p a r a t i o n  f rom c rude  s h a l e  o i l .  

EXPERIMENTAL 

Ue-ashed and de-watered s h a l e  o i l  c o n t a i n i n g  39% hydrocarbons (20% 
alkanes.  ZU2 a romat i cs ,  2 5 %  aromat i c  r e s i n s ,  35% o l e f i n s  and naph thenes )  
and 61X nonhydrocarbons (60% n i t r o g e n  101 s u l f u r  and 302 oxygen 
compounds) was f r a c t i o n a t e d  below 343dC. 
hydrogenated i n  a r e a c t o r  ( l e n g t h  1.524 m and d i a m e t e r  0.0508m) 
c o n t a i n i n g  American cynamide HOS-3A. Ni-Mo/AI2O3) c a t a l y s t  o f  .025cm 
e x t r u s i o n s .  The r e a c t o r  c o n t a i n e d  f o u r  c a t a l y s t  zones between 
n o n - r e a c t i v e  zones o f  A I Z O 3  e x t r u s i o n s  o f  0 . 3  cm d iamete r .  A lumina 
zones equipped w i t h  w a l l  heat-exchangers m a i n t a i n e d  n e a r l y  c o n s t a n t  
r e a c t i o n  tempera tu re .  
f o u r  o u t s i d e  w a l l  e l e c t r i c  h e a t e r s  and t h e  hydrogen p r e h e a t i n g  (300 C )  
was accompl ished by t h e  e l e c t r i c  h e a t e r  a t  r e a c t o r  t op .  The s p j c e 3  
v e l o c i t y  of t h e  s h a l e  o i l  l i q u i d  i n  t h e  r e a c t o r  was 0.99-9-95 m /m hr  
and t h e  hydrogen comsumption was a p p r o x i m a t e l y  280 s t d .  m /m O f  s h a l e  
o i l .  Shale 8 i l  f r a c t i o n s  werq h y d r o t r e a t e d  a t  p6ocess ing  s e v e r i t i e s :  
(A)  h igh=416 C and 1.413 x 10 4pa ( 8 )  medium 382 C and 1.396 x 10 kpa 
(C) low = 354OC and 1.327 x 10 kpa. 
comsumption i n  s h a l e  o i l  a t  d i f f e r e n t  p r o c e s s i n g  s e v e r i t i e s .  The 
hydroprocessed s h a l e  o i l  was f r a c t i o n a t e d  ( b o i l i n g  range = 121-30Ooc) t o  
produce j e t  f u e l .  Throughout  t h e  d i s c u s s i o n ,  T i s  a t e m p e r a t u r e  r a t i o  
i n d i c a t i n g  t h e  s e v e r i t y  o f  t h e  r u n  compared w i t !  h i g h  s e v e r i t y  
T H = ~ .  U-hf yh s e v e r i t y ,  TR=O. 92-medium s e v e r i t y  , TR =0.85-low s e v e r i t y .  

Shale o i  1 f r a c t i o n s  were 

The r e a c t o r ' s  f o u r  c a t a l y s t  zones were h e a t g d  by 

F i g u r e  2 demonstrates hydrogen 

HESULTS AND O I S C U S S I O N S  

Hydroprocessed s n a l e  o i l  j e t  f u e l s  were d i s t i l l e d  (ASTM 0-86)  a t  
d i f f e r e n t  b o i l i n g  ranges ( F i g u r e s  3 ,  4. and 5 ) .  The average b o i l i n g  
range of  t h e  h i g h .  me#i.um and l o w  s e v e r i t y  hydroprocessed s h a l e  o i l  j e t  
f u e l  c u t s  was IbU-1YU L f o r  t h e  10 volume p e r c e n t  d i s t i l l a t e  and 
Zb0-Z7U°C f o r  t h e  YU volume p e r c e n t  d i s t i l l a t e .  Low and medium s e v e r i t y  
j e t  c u t s  have h i g h e r  b o i l i n g  ranges t h a n  h i g h  s e v e r i t y  c u t s  because t h e y  
c o n t a i n  more heavy hydrocarbons and h e t e r o c y c l i c  compounds. The 
d i s t i l l a t i o n  tempera tu res  and t h e  volume p e r c e n t  r e c o v e r y  o f  t h e  s h a l e  
o i l  j e t  f u e l s  a r e  comparable t o  t h o s e  o f  s t a n d a r d  p e t r o l e u m  j e t  f u e l s  
(Tab le  1 1 ) .  
S h e l t o n  C41 who o b t a i n e d  a maximum b o i l i n g  p o i n t  o f  195 c f o r  10 volume 
p e r c e n t  and 255OC f o r  YU volume p e r c e n t  recove ry  o f  a p e t r o l e u m  f u e l .  

The r e s u l t s  c l o s e l y  agree w i t h  t h e  i n v e s t i g a t i o n s  o f  

Table 11:  Petro leum J e t  Fue l  P r o p e r t i e s  
( A S T R  Hethods )  

Hydrogen c o n t e n t ,  wtZ 
A romat i cs  c o n t e n t ,  v o l %  
N i t r o g e n  c o n t e n t  ( t o t a l  1, ppm 
S u l f u r  c o n t e n t  (mercaptan) .  w t %  
S u l f u r  c o n t e n t  ( t o t a l ) ,  w t Z  
Naphthalenes c o n t n t .  v o l %  
O i s t i l l a t i o n  temperature,  OC 

I n i t i a l  b o i l i n g  p o i n t  
10 ( V O I Z )  
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50 (VOIZ) - 
9u (vel%) - 
F i n a l  b 8 i l i n g  p o i n t  300 max 

F l a s h p o i n t ,  C 38 max 
G r a v i t y  ( s p e c i  f i 6, 15/15OC 0.7753 t o  0.8398 

V i s c o s i t y  a t  -20Oc. m2/s 8 x max 
Net hea t  o f  combustion, kJ /kg  ( B t u / l b )  42.800 (18,400) m i n  

F r e e z i n g  p o i n t .  C -40 

N i t r o g e n  c o n t e n t  ( F i g u r e  6 )  i n  a l l  s e v e r i t i e s  i s  h i g h  i n  Tosco I 1  
and low i n  O c c i d e n t a l  j e t  f u e l .  The amounts o f  Yeak Base I and 
non-basic  n i t r o g e n  compounds a r e  v a r i a b l e  i n  d i f f e r e n t  t y p e s  o f  s h a l e  
O i l  j e t  f u e l s .  H i g h  s e v e r i t y  h y d r o t r e a t m e n t  s i g n i f i c a n t l y  decreases [5 ]  
t h e  n i t r o g e n  c o n t e n t  o f  Weak Base I and non-basic  n i t r o g e n  compounds. 
and Weak Base I can be removed more e a s i l y  t h a n  non-basic  n i t r o g e n  
d u r i n g  hyd rop rocess ing .  H igh  s e v e r i t y  O c c i d e n t a l  s h a l e  o i l  c o n t a i n s  t h e  
l o w e s t  amount (0.U3 w tZ )  o f  n i t r o g e n  o f  a l l  s h a l e  o i l  j e t  f u e l s .  T h i s  
amount i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l  (1 -5  
ppm). The n i t r o g e n  c o n t e n t  i n  low s e v e r i t y  j e t  f u e l  i s  a lways h i g h e r  
t h a n  t h a t  o f  n i g h  s e v e r i t y  j e t  f u e l .  

Tab le  I 1 1  shows t h e  p r o p e r t i e s  o f  s h a l e  o i l  j e t  f u e l s  and a l s o  
demonstrates t h a t  s u l f u r  removal i s  p r o p o r t i o n a l  t o  s e v e r i t y .  H i g h  
s e v e r i t y  j e t  f u e l s  have t h e  l o w e s t  s u l f u r  c o n t e n t  (0.003 wtZ) .  Even t h e  
s u l f u r  c o n t e n t  i n  l ow  s e v e r i t y  j e t  f u e l s  i s  l o w e r  t h a n  t h a t  o f  p e t r o l e u m  
j e t  f u e l  (U.30 wtZ maximum). 

I n c r e a s e  o f  hydrogen c o n t e n t  (Tab le  111) i n  s h a l e  O i l  j e t  f u e l s  i s  
p r o p o r t i o n a l  t o  t h e  s e v e r i t y  o f  hyd ro t rea tmen t .  S e v e r i t y  i n c r e a s e s  
s a t u r a t i o n  and c r a c k i n g  o f  hydrocarbons,  t h e r e b y  i n c r e a s i n g  t h e  
hydrogen/carbon r a t i o .  l iunberger  r e p o r t e d  [6 ]  t h e  i n c r e a s e  o f  hyd rogen  
c o n t e n t  f rom 11-40 wtZ t o  13.0 w t X .  The hydrogen c o n t e n t  (13-14 w t Z )  i n  
s h a l e  o i l  j e t  f u e l  i s  r e l a t i v e l y  l o w e r  t h a n  t h a t  o f  s t a n d a r d  p e t r o l e u m  
j e t  f ue l ,  wh ich  i s  16 wtZ. A romat i c  c o n t e n t  i n  s h a l e  j e t  f u e l s  
decreases w i t h  s e v e r i t y  because o f  h y d r o c r a c k i n g  process.  The e f f e c t  O f  
s e v e r i t y  on a r o m a t i c  c o n t e n t  i s  t h e  h i g h e s t  f o r  Paraho. w h i l e  O c c i d e n t a l  
shows t h e  l owes t .  The a r o m a t i c  c o n t e n t  i n  s h a l e  o i l  j e t  f u e l s  (excep t  
Paraho) i s  y e n e r a l l y  h i g h e r  t h a n  i n  t h a t  o f  p e t r o l e u m  j e t  f u e l .  w h i c h  i s  
a t  maximum 20% by volume. 

t h a t  o f  p e t r o l e u m  j e t  f u e l  (-4U°F) because s h a l e  j e t  f u e l s  c o n t a i n  
h i g h e r  s a t u r a t i o n  f r a c t i o n s .  p a r t i c u l a r y  h i g h e r  n -a l kanes  [7]. f r e e z i n g  
p o i n t  decreases w i t h  i n c r e a s i n g  s e v e r i t y .  O the r  p h y s i c a l  p r o p e r t i e s  
such as f l a s h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  o f  t h e  s h a l e  j e t  
f u e l s  decrease (Tab le  111)  w i t h  s e v e r i t y ,  and t h e  va lues  i n  a l l  
s e v e r i t i e s  a r e  w i t h i n  t h e  a c c e p t a b l e  l i m i t  o f  p e t r o l e u m  j e t  f u e l  
s p e c i f i c a t i o n s .  S e v e r i t y  has l i t t l e  e f f e c t  on h e a t i n g  va lues  o f  s h a l e  
J e t  f u e l s  and t h e  va lues  a r e  comparable t o  t h o s e  o f  p e t r o l e u m  j e t  f u e l s .  

CONCLUSION 

The f r e e z i n g  p o i n t  o f  s h a l e  j e t  f u e l s  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  

1. H igh  s e v e r i t y  s h a l e  o i l  j e t  f u e l s  c o n s t i t u t e  t h e  hydrocarbons o f  
more d i f f e r e n t  b o i l i n g  p o i n t s  t h a n  low and medium s e v e r i t y  j e t  
f u e l s -  A romat i c  and heavy hyd roca rbon  c o n t e n t s  i n  low and medium 
s e v e r i t y  a r e  h i g h e r  t h a n  i n  h i g h  s e v e r i t y  j e t  f u e l s .  
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2. I n c r e a s i n g  s e v e r i t y  enhances n i t r o g e n  and su Fur removal. N i t r o g e n  
c o n t e n t  i s  above, w h i l e  s u l f u r  c o n t e n t  i s  much below. t h e  a c c e p t a b l e  

l i m i t  o f  t h a t  o f  p e t r o l e u m  j e t  f u e l .  

3. I n c r e a s i n g  s e v e r i t y  i n c r e a s e s  hydrogen whi l e  i t  decreases a r o m a t i c  
con ten t .  Hydrogen c o n t e n t  i s  a l i t t l e  l o w e r  w h i l e  a r o m a t i c  c o n t e n t  
i s  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  p e t r o l e u m  j e t  f u e l -  

i n c r e a s i n g  s e v e r i t y ,  and t h e  l e v e l s  i n  a l l  s e v e r i t i e s  a r e  w i t h i n  
a c c e p t a b l e  l i m i t s .  The f r e e z i n g  p o i n t  i s  enhanced w i t h  i n c r e a s i n g  
s e v e r i t y  and i s  above t h e  a c c e p t a b l e  l i m i t .  

conc luded  t h a t  h i g h  s e v e r i t y  hyd rop rocessed  Paraho j e t  f u e l  a f t e r  
p r o c e s s i n g  c a n  be c o n s i d e r e d  as an a l t e r n a t i v e  t o  c o n v e n t i o n a l  j e t  
f u e l .  

4. F l a c h  p o i n t ,  v i s c o s i t y ,  and s p e c i f i c  g r a v i t y  decrease w i t h  

5 .  I n c r e a s i n g  s e v e r i t y  enhances y i e l d s  o f  j e t  f u e l s .  I t  can be 
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Figure  1. Process  Flow Diagram t o  produce S h a l e  Oil J e t  Fuel 
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Figure  2 .  Hydrogen Consumption i n  S h a l e  Oil Hydroprocess ing  
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Figure 3. High seve r i t y  Shale O i l  Je t  Fuel 
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Figure 4. Medium s e v e r i t y  Shale O i l  J e t  Fuel 
D i s t i  11 a t i  on 
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Figure 5. Low severity Shale Oil Je t  Fuel 
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